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Summary 
Hoof injury is a threat to the modem sports horse and to the racing horse industry. The shape 
of the hoof wall is believed to be important in achieving optimal force distribution (i.e. balance) 
within the foot. The external shape of the hoof wall is often altered by farriers. Many authors 
have reported that·high risk injuries are related to the external hoof shape, but, due to a poor 
understanding of the effects of external shape variations on biomechanical performance, it is 
not yet clear how hoof external shape is related to injury or balance. This thesis does not 
consider injury but how hoof shape may affect strain and displacement distribution in the hoof. 
wall. 
This thesis presents a body of work to address two major aims: to develop validated 
engineering tools and test protocols for capturing and characterization of the shape of the hoof 
wall; and to investigate how variation in shape factors of the hoof wall affect its biomechanical 
functions by finite element (FE) simulation. 
Two kinds of techniques have been investigated to capture the shape of the horse hoof: the non-
contact technique and the contact technique. 
In non-contact techniques, the uses and difficulties associated with the use of three kinds of 
laser scanner to capture the shape of horse hoof have been investigated. Shape capture of the 
hoof from a live horse has not produced a satisfactory result due to the limitations of the 
scanner, the working conditions and the surface condition of the hoof capsule. However, 
successful capture of the external shape of a cadaver hoof sample is achieved by 3D scanning 
techniques. Protocols are developed to prepare models in different formats for the purpose of 
further CAD modelling and FE simulations from 3D digitized data. These protocols can be 
used not only for 3D digitized data from 3D laser scanning, but also from other clinical 
professional 3D digitized techniques including CT and MRI scanning. 
In contact technique, the device of FaroArm CMM device is used to capture and record the 
shape detail from cadaver hoof samples. The protocol to construct a computer based 3D 
surface model of a hoof wall from a cadaver hoof using the FaroArm CMM has been 
established after developing an approach based on control points, splines and probes. 
Validation of shape capturing techniques and protocols are conducted by using three 
representative equine hoof wall geometric forms. The 3D laser scanning method gives a 
consistent accuracy in geometric forms with different morphologies, with an average difference 
of only 1.0-1.1 mm throughout the entire geometric form between the original geometric form 
and the model derived from the scanning protocol. Shape capture by FaroArm CMM exhibits a 
better accuracy (within OA-0.6mm) than 3D laser scanning in all three geometric forms. 
The horse hoof wall has been characterized by 62 parameters. Using these parameters a 
representative hoof wall template is constructed. The parameters are defined by variations 
rather than fixed values so that new geometric forms can be created by importing new values of 
parameters without repeating the construction work. The validation of a parametric 
representative hoof wall template is conducted by a simplified geometric representation of a 
horse hoof using 79 inspection sites throughout the entire geometric form. The external hoof 
shape is regenerated in CAD using the parameter values. When this regenerated shape is 
compared to the original geometric form, an average difference of 0.795 mm is observed across 
11 
the 79 inspect sites. This is a value less than I % of the widest hoof width and providing a 
validation of the hoofparameterization process to a sufficient degree of accuracy. 
The approach in dealing with the components of sole and bars in the FE model is decided by 
comparing the displacement and von Mises strain in 6 simulations with different sole and bars 
combinations. It shows that the absence of the sole results in a significant overestimation of the 
strain and displacement. The concavity of the sole does decrease the strain on the hoof wall, 
but the effect is slight. Extremely high strain has been observed at the bearing border of lateral 
heel and medial heel (BB,LH and BB,MH), and the strain remains high in these regions even 
when the sole is included in the model, despite the fact that the strain in other regions is 
decreased by the presence of the sole. The bars decrease the strain at the heel area of the hoof 
wall dramatically, especially at the bearing border. It is clear that one major function of the 
bars is to eliminate the stress concentration on the BB, LH and BB, MH. Exclusion of the bars 
from the FE model will result in a significant loss of an accuracy in the stress/strain predicted at 
the BB, LH and BB,MH. Therefore it is decided to include a flat sole and the bars in all model 
systems for further FE investigations. In the mean time, the simulation results have indicated a 
high level of strain during loading at the junction of the wall and the sole which is known as the 
area of white line. The high strain in this junction area indicates that the white line has an 
important functional role. 
The first order effects of five individual shape factors are investigated. These are directly 
related to the farriery requirement to 'balance' a foot and are believed to be important for 
optimal distribution of forces within the foot. These five shape factors are: dorsal hoof wall 
angle (DHWA), heel angle (HA), dorsal hoof wall length (DHWL), medial hoof wall angle 
(MHWA) and lateral hoof wall angle (LHWA). They were chosen on the basis that they can be 
changed by the work of the farriers to achieve 'balance'. 
The investigations of single shape factors indicate that DHW A is a key hoof wall shape factor 
in affecting the strain distribution around the hoof wall compared with HA, which has a less 
significant role. The relationship between DHW A and DHWL is more important in hoof 
management than the relationship between DHWA and HA. Increasing MHWA or LHWA 
increases the strain at the coronary band of the dorsal hoof wall, but decreases the strain at the 
coronary band of the medial and lateral hoof wall respectively. The high strain at the BB ,LH 
can be reduced by increasing the LHW A, and similarly, the strain at the BB,MH can be reduced 
by increasing the MHW A. 
The displacement and strain achieved using FE simulations, are investigated to determine 
whether or not any linear relationship exists with the combinations of the five shape factors 
from 41 real horse hoof samples by linear regression as a preliminary step for the investigation 
of multi shape factors. The unsatisfactory regression results show that these five shape factors 
might not be enough to distinguish all possible hoof shapes and their resulting effects on hoof 
balance. This is an area identified for further investigation. 
Further work is required in a number of important areas: 
• The FE models have been used to investigate strain distribution based on shape but the 
absolute values of stress and strain have not been validated arid this is a priority in 
further work. 
• The effects by varying multi shape factors should be investigated and more shape 
factors other than the DHW A, HA, DHWL, MHW A and LHW A should be considered. 
• The techniques and protocols to capture the shape of hoof capsule from live horses 
need to be investigated. 
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NURBS format. 
Ch3-9 Live horse hoof MRI scan STL p.51 Fig. STL surface model, re-meshed from Ch3-8 by 3-matic, ready 
3-matic surface 3 .23(b) for generating volume mesh for further FE simulations. 
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Ch4-1 Cadaver horse CAD p.62 Fig. 4.8 (d) CAD surface model achieved from 3D scanning data, and 
hoof Unigraphix NX4 surface trimmed by Unigraphics NX4 to achieve CB. 
Ch4-2 Cadaver horse CAD p. 64 Fig. 4.9 Created by Unigraphics NX4 from horizontal splines, splines 
hoof Unigraphix NX4 surface achieved from Ch4-1. 
Ch4-3 Cadaver horse CAD p.65 Fig. 4.10 Created by Unigraphics NX4 from hoof wall tubular splines, 
hoof Unigraphix NX4 surface splines achieved from Ch4-1. 
Ch4-4 Cadaver horse CAD p.65 Fig.4.11 Created by Unigraphics NX4 from hoof wall outline I 
hoof Unigraphix NX4 surface splines, splines achieved from Ch4-1. 
Ch4-5 Representative N/A CAD solid p.67 Fig. 4.12 
donkey hoof 
Ch4-6 Representative N/A CAD solid p.67 Fig. 4.13 
horse hoof 
Ch4-7 Representative RP process RP solid p.67 Produced from CAD solid model Ch4-5. 
donkey hoof 
Ch4-8 Representative RP process RP solid p.67 Produced from CAD solid model Ch4-6. 
horse hoof 
Ch4-9 Representative FaroArmCMM CAD p.,70 Fig. 4.16 Control points captured by FaroArm CMM from RP solid 
donkey hoof Unigraphics NX4 surface (blue model Ch4-7, modelled by Unigraphics NX4 using reference 
surface) sites of every 25% CD . 
Ch4-IO Representative FaroArmCMM CAD p.70 Fig. 4.17 Control points captured by FaroArm CMM from RP solid 
horse hoof Unigraphics NX4 surface (blue model Ch4-8, modelled by Unigraphics NX4 using reference 
surface) sites of every 25% CD. 
Ch4-11 Representative FaroArm CMM CAD p.71 Fig. 4.18 Control points captured by FaroArm CMM from RP solid 
horse hoof Unigraphics NX4 surface (blue model Ch4-8, modelled by Unigraphics NX4 using reference 
surface) sites of every 10% CD . 
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Ch4-12 Representative horse FaroArm CMM CAD p.71 Fig. 4.19 Control points captured by FaroArm CMM from RP solid 
hoof Unigraphics NX4 surface (blue model Ch4-8, modelled by Unigraphics NX4 using 
surface) reference sites of every 25% CD +reference site at caudal. 
Ch4-13 Representative horse FaroArm CMM CAD p.72 Fig. 4.20 Control points captured by FaroArm CMM from RP solid 
hoof Unigraphics NX4 surface (blue model Ch4-8, modelled by Unigraphics NX4 USIng 
surface) reference sites of every 10% CD +reference site at caudal. 
Ch4-14 Representative donkey FaroArm CMM CAD p.73 Fig. 4.21 Control points captured by FaroArm CMM from RP solid 
hoof Unigraphics NX4 surface model Ch4-7 using 'ball' probe & 'with compensation' 
option. 
Ch4-15 Representative donkey FaroArm CMM CAD p.74 .Fig. 4.22 Control points captured by FaroArm CMM from RP solid 
hoof Unigraphics NX4 surface (blue model Ch4-7 using 'ball' probe & 'without compensation' 
surface) option. 
Ch5-1 Characterize a hoof Unigraphics NX4 CAD solid p.l03 Fig.5.17 Representative parametric hoof wall template, constructed 
wall by parameters from 62 parameters; parameters are defined by variables, 
geometric form of hoof wall could be achieved by 
importing values. 
Ch6-1 Simplified (cone based) Unigraphics NX4 CAD solid p.105 Fig.6.2 A simplified geometric representation of a hoof wall, 
representation of horse constructed from cone inclined and truncated USIng 
hoof wall parameter values adopted from the average values of the 
control group of horse hooves in Kane et aI., (1998). 
Ch6-2 Simplified (cone based) RP process RP solid p.105 Produced from CAD solid model Ch6-1. 
representation of horse 
hoof wall 
Ch6-3 Representative donkey 3 D laser scan CAD p.l06 Captured and modelled from RP model Ch4-7 by 3D laser 
hoof surface scan technique and protocols presented in chapter 3. 
Ch6-4 Representative horse 3D laser scan CAD p.106 Captured and modelled from RP model Ch4-8 by 3D laser 
hoof surface scan technique and protocols presented in chapter 3. 
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Ch6-S Simplified (cone 3 D laser scan CAD p.I06 Captured and modelled from RP model Ch6-2 by 3 D laser 
based) surface scan technique and protocols presented in chapter 3. 
representation of 
horse hoof wall 
Ch6-6 Representative FaroArm CMM CAD p.I06 Captured and modelled from RP model Ch4-7 by FaroArm 
donkey hoof surface CMM technique and protocols presented in chapter 4. 
Ch6-7 Representative FaroArm CMM CAD p.I06 Captured and modelled from RP model Ch4-8 by FaroArm 
horse hoof surface CMM technique andpIotocols presented in chapter 4. 
Ch6-8 Simplified (cone FaroArm CMM CAD p.I06 Captured and modelled from RP model Ch6-2 by FaroArm 
based) surface CMM technique and protocols presented in chapter 4. 
representation of 
horse hoof wall 
Ch6-9 Simplified (cone Unigraphics NX4 CAD solid p.118 Fig. 6.6 Modelled by importing values taken directly from CAD 
based) solid model Ch6-l into the parametric representative hoof 
representation of wall template ChS-I. 
horse hoof wall 
Ch6-1O Simplified (cone Unigraphics NX4 CAD solid p.120 Modelled by importing values taken from RP model Ch6-2 
based) into the parametric representative hoof wall template ChS-1 
representation of following protocols presented in chapter S. 
horse hoof wall 
Ch7-1 Characterize a Unigraphics NX4 CAD solid p.12S Modelled from the parametric representative hoof wall 
hoofwall by template ChS-l , key values taken from the average values 
parameters of the control group of horse hooves in Kane et aI., (1998). 
All the values of parameters are given in Appendix B. 
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1.1 Background 
The most common injuries to modem sports horses and race horses are in the front limb, 
especially in the distal limb (van Heel, 2005). According to the literature, most of lameness is 
associated with the distal limb and hoof (Kaneene et al., 1997). Although a high standard of 
husbandry from farrieries, veterinarians, and owners is required to maintain healthy feet, there 
is little information about the factors affecting feet and therefore there is little basis on which 
to make clinical or evidence-based decisions. 
The need for maintenance of the hoof capsule has been known for centuries. The external 
shape of the domestic horse hoof wall is altered by the effects offarriery. Many authors have 
reported that high risk injuries are related to the external hoof shape (Kane et al. ,1998; 
Stashak et al. 2002; Turner, 1992; Balch et al., 1993), but due to a poor understanding of the 
effects of external shape variations on biomechanical performance, it is not yet clear how 
hoof external shape is related to injury. 
The geometric shape of the hoof wall is believed to be important in achieving the optimal 
force distribution within the foot. To achieve this, modern farriery management aims to 
achieve appropriate balance by the foot (Balch et aI., 1991). In the dorso-palmar direction, 
the dorsal hoof wall angle (DHWA) is considered correct when the hoof and pastern are in 
alignment (Balch et al., 1991). The heel angle (HA) is said to exhibit 'underrun heels' when 
it is 50 less than the DHWA (Turner, 1992). The dorsal hoof wall length (DHWL) is defined 
to be the measurement of the length of the hoof wall, and a long DHWL is believed to delay 
breakover and increase tension on the palmar / plantar soft support structures (Stashak et al., 
2002). Latero-medial hoof orientation, which is determined by the relationship between 
lateral and medial wall angles and lengths, is thought to be one of the most challenging 
aspects of farriery although the goal of this approach is to centre the ground surface beneath 
the limb so that the hoof structure can bear the weight of the limb evenly (Stashak et al. 
2002). However, the consequences of shape variations have not been fully evaluated. 
Hoof research has historically focussed primarily upon defining properties; hence there is an 
urgent need to develop an understanding of structure-function relationships of the hoof 
(Reilly 1995). However achieving this is still a challenge due to the difficulties which exist in 
establishing the protocols by which 'functions' can be accurately recorded, measured and 
assessed (Newlyn et al., 1998). Therefore the progress to date in this area of research is still 
very limited. 
Finite element (FE) modelling techniques have distinct advantages to integrate geometric 
form with material properties, loading conditions and boundary conditions providing 
simulations which offer a full range of biomechanical performance analyses. In this regard, 
FE modelling techniques have great potential in equine biomechanics for evaluating 
deformation and mechanical stresses and strains (Newlyn et al., 1998; Reilly, 200 I), and 
therefore in developing an understanding of structure-function relationships for the hoof. FE 
simulations have been used to investigate the static loading in the horse hoof (Hanft, 1995); 
The static loading of the donkey hoof wall (Newly et aI, 1998); the effect of flat horseshoes, 
raised heels and lowered heels on hoof biomechanics (Hinterhofer, et al., 2000); and to 
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predict effects of farriery on the equine hoof (Hinterhofer, et al., 200 I); to analyse the strain 
and stress in the equine hoof wall (Thomason et al., 2002) and to isolate the effects of hoof 
shape measurements (McClinchey et al., 2003). 
Accurate characterization of hoof shape and precise measurements taken from the hoof are 
essential for the investigation of biomechanical functions and structure-function relationships 
for the hoof. Therefore, validated engineering tools and test protocols for characterizing hoof 
shape, especially 3D geometric form capturing techniques, are required. 
1.2 Aims and objectives 
Aim: 
The aim of this thesis is to provide new information to the farriery profession and to the 
veterinarians by using engineering tools and protocols to enhance the understanding of 
shape-function relationships for the equine hoof in order to the improve foot management 
and therapeutic techniques. In particular, it includes: 
• The development of validated engineering tools and test protocols for capturing and 
characterization of the shape of the hoof wall. 
• The investigation of how variation in shape factors of the hoof wall affects 
biomechanical function by finite element (FE) simulation. 
Objectives: 
Corresponding to these aims, the objectives of the research are to: 
I. Investigate and develop techniques to capture the geometric shape of the hoof wall. 
2. Generate protocols for computer-based models from the captured data. 
3. Characterize the shape of a horse hoof and construct an automated CAD 
representative hoof wall template. This representative hoof wall template could then 
be used to provide geometric forms of horse hoof for future FE analysis. 
4. Validate the characterization and capturing work. 
S. Construct FE models. 
6. Investigate the theoretical first order effects of varying single hoof shape factors on 
the biomechanical performance of the hoof by FE analysis. 
7. Investigate co-effects by varying multi shape factors on the biomechanical 
performance of the hoof. 
8. Draw conclusions and give direction for further work. 
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1.3 Structure of thesis 
This thesis presents a body work on capturing, characterizing and shape-function 
investigation of the hoof wall. 
A thorough review of relative research and techniques is presented in Chapter 2. 
A non contact shape capturing technique, the 3D laser scan technique is investigated in 
Chapter 3 to assess its capability and difficulties in capturing the shape of hoof capsule from 
both cadaver hoof samples and live horses. The protocols to construct 3D computer based 
models in different formats for the hoof capsule using data achieved from 3D digitized 
techniques is also presented Chapter 3. 
Due to the difficulties which exist with current 3D laser scan technique, a contact shape 
capturing technique: the FaroArm CMM technique is considered. This capturing technique 
could avoid some limitations in 3D laser scanning technique by handling surface detail 
manually. The investigation of the FaroArm CMM technique is presented in Chapter 4. 
Chapter 5 presents the characterization of the hoof wall and parametric modelling. A CAD 
representative hoof wall template is constructed after the shape description. The aim of this 
chapter is to design the hoof wall shape by a list of parameters so that a CAD solid model can 
be generated automatically from this list of parameters. 
Validations of the capturing techniques and the parametric representative hoof wall template 
are presented in Chapter 6. 
The effects of the variations in external shape on biomechanical function are investigated by 
FE simulations using the parametric representative hoof wall template. Five key shape 
factors are chosen and an FE investigation is undertaken to determine the first order effect of 
each shape factor on the distribution of the strain and displacement around the hoof wall. 
This work is presented in Chapter 7. The construction of the FE model has been decided 
before the FE investigation of the effects of shape factors, by considering the boundaries, the 
material properties, the size of mesh elements and loading conditions. The approach in 
dealing with the components of sole and bars is also decided by comparing the displacement 
and von Mises strain in simulations with different sole and bars combinations. These are also 
represented in Chapter 7. 
In Chapter 8, the shape of 65 hoof samples are captured and modelled following protocols 
established in previous chapters. FE analysis of these varies shaped hooves are undertaken 
and conclusions are drawn from the results-about the relationship between some shape 
factors and the distribution of strain and displacement. 
Overall conclusions are presented in Chapter 9 followed by suggestions for further work. 
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2.1 The modern sport horse 
2.1.1 Performance of the modern sport horse 
The horse has been an important part of human history for thousands of years. Although the 
functions of transport and labour have been replaced gradually by modem vehicles; the 
athletic endeavours have brought the horse a comeback from their heyday during the last 
century. 
Horse racing is an equestrian sport which has been practiced for centuries. One of the 
principal forms of horse racing is Thoroughbred racing (Website of Thoroughbred 
Bloodlines; Website of The Jockey Club), which is now practised in over 40 countries. Other 
breeds for racing include Harness, Quarter and Arabian horses, which are popular in North 
America and parts of Europe (Website of The Jockey Club). 
According to the Federation Equestre Internationale commonly known as the FE!, or in 
English as the International Federation for Equestrian Sports; (Website of Federation equestre 
internationale), which is the international governing body of equestrian (horse) sports. Other 
recognized competition disciplines also include dressage, combined driving, endurance 
riding, eventing, para-equestrianism, reining, show jumping, and vaulting, and it also 
recognizes tent pegging and horseball as regional equestrian disciplines. 
2.1.2 Overload injury of the modern sport horse 
In common with the human athlete, overload injury is the most serious threat to athletic 
perfonnance for the equine athlete (van Heel 2005). Overload injuries, which can lead to 
reduced perfonnance, significant training day loss, and ultimate wastage within the industry, 
represent a major industry concern. The most common site of overload injury in the sports 
horse is the forelimb, in particular, the distal limb extremity and the foot (Kaneene et al. 
1997; van Heel 2005). 
Overload injuries occur when the maximal load or the overuse exceed the capability of the 
limb to sustain loads. During a case of severe overload, acute and immediate damage may 
result. Also, where low level overloads are applied repetitively may also play an important 
role in damage. According to a survey of equine health problems in the USA, a high 
frequency of leg lameness occurred not only during competitions, but also during the seasons 
of nonnal training (Kaneene et al. 1997). This might indicate that repetitive low level 
overload could be another reason for injury causation. Unfortunately, in most chronic cases 
in which repetitive low level overloads are applied, the tissues of the distal limb may be 
compromised by chronic degenerative processes resulting in sub-optimal athletic 
perfonnance. Furthennore these are easily ignored until an advanced stage of degeneration 
occurs (van Heel, 2005). Hence, it is important to establish a management strategy which 
minimizes the risk of overload injury and improves therapeutic techniques once the damage 
has occurred. This has been achieved through research on tendon involvement by Oryan et 
al. (2009) but the hoofs role in the aethology and pathogenesis of injury, as well as its 
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interaction with surfaces, has not been contemplated. In order to be able to approach these 
levels of study, the objectives of the thesis need to be addressed. 
2.2 Hoof anatomy 
2.2.1 Overview 
The equine foot is a highly evolved locomotion organ (Reilly et al. 1996). It has a complex 
three-dimensional structure with a 'horny capsule'. The capsule encases bones, joints, 
ligaments, tendons, bursae, nerves, blood vessels and fatty tissues (Reilly, 1997). 
The most important osseous components of the distal limb include the proximal phalanx, 
middle phalanx and distal phalanx which together form a single phalangeal axis 
proximodistally. This axis is stabilized by a complex system of ligaments. The distal phalanx 
is mainly at the front of the foot. It is the largest bone in the foot. The middle phalanx is 
above the distal phalanx and connected with it by the distal interphalangeal joint (DIP). It is 
partly inside the hoof. In addition to this phalangeal axis, a single distal sesamoid bone (the 
navicular bone) is located palmarly to the DIP to serve as a moment arm for the deep digital 
flexor tendon (OOFT). Cartilaginous extensions from the palmar processes of the distal 
phalanx (only the lateral cartilage is shown in Fig. 2.1) extend into the palmar region of the 
foot. 
Proximal phalanx 
OOFT 
ffi--Lateral cartilage 
Oistal phalanx 
Fig.2.1 Internal structure of a horse hoof ( after McClure, 1999). 
2.2.2 The design complexity ofthe hoof capsule 
The hoof capsule has a distinct structural organisation of hoof horn material (Reilly et ai, 
1998a, 1998b). It displays a complex 3-dimensional (3~) geometric form. Topographically, 
it can be divided into wall, sole and frog (Pollitt, 1992). The hoof wall is the part of the foot 
which is visible when the horse is standing. The sole and frog can be seen when the hoof is 
5 
Chapter 2 Literature review 
lifted otT the ground. On the bottom of the foot, there are bars arising from the heels where 
the wall turns inward and grows forward to the sulcii of the frog. The bars and sulcii are also 
visible when the hoof is lifted ( Fig. 2.2). 
i!lS~1- frog 
Fig.2.2 The sol ear aspect of the horse hoof (after McClure, 1999). 
Hoof wall 
The hoof wall is composed of a homy material which is not only produced continuously but 
also worn off continuously. The thickness of the wall is not uniform: it is thickest at the 
cranial aspect and thins gradually towards the caudal aspect (Pollitt, 1995). The hoof wall is 
believed to represent the major functional load-bearing component of the hoof capsule. The 
proximal junction between the hoof wall and the skin is named the coronary band (CB, see 
Fig. 2.3). The hoof-ground interface is the bearing border (BB, see Fig. 2.3 ). 
Fig. 2.3 Position of bearing border (BB) and coronary band (CB). 
There are no blood vessels or nerves in the hoof wall. At the macroscopic level, the wall is 
composed of three layers: the stratum extemum, a thin covering which is ~onsidered to play a 
vital role to inhibit dehydration; the stratum medium, which is the thickest layer and extends 
from the coronary band to the bearing border, and serves a primary mechanical role; the 
stratum intemum, which is the inner layer of the hoof wall and responsible for transferring 
loads to the bony skeleton (Leach, 1980). 
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The frog, composed of tubular and intertubular horn, lies between the bars of the foot and 
heel. It is a soft and flexible mass with a shape of 'V' on the bottom of the hoof capsule (see 
Fig. 2.2). The narrowest part of the frog points forward to the dorsal hoof wall. The palmar 
aspect of the frog merges into the bulbous heels (Dyce et al. 1987). Some researchers believe 
that the frog hits the ground first and functions as an anti-concussive and anti-slip device 
during footfall. It is also possibly an aid for blood circulation and heel expansion (Pollitt 
1992). 
The sole is a concave structure between the frog and the BB of the wall (see Fig. 2.2). It 
covers the bottom surface of the hoof. The sole is similarly composed of tubular and inter-
tubular horn. The tubules of the sole are arranged in parallel alignment with those of the hoof 
wall (Bolliger 1991). The sole is separated from the hoof wall by the white line (Reilly 
2001). 
The white line 
The white line forms the junction between the sole and the hoof wall. The white line is 
formed by horn production supported by the laminar corium. It is believed that the white line 
allows independent movement of the wall and sole during loading and thus prevents 
catastrophic failure of the hoof capsule (Reilly, 200 I). 
2.3 Hoof mechanism 
During normal weight-bearing the hoof deforms in a consistent pattern (Douglas et al., 1996) 
as the results of a compromise between the complex force changes which occur internally 
within the capsule and those external compressive forces acting against the ground (Leach 
1980). The geometric form of the hoof capsule changes when it is loaded (Douglas et al., 
1998). 
2.3.1 The suspensory apparatus of the distal phalanx (SADP) 
Unlike in humans, the forces associated with weight-bearing of the horse do not act through 
the digital cushion and the sole but are redirected to the hoof wall. This unique model of 
weight-bearing within the hoof is the result of an anatomical organisation called the 
suspensory apparatus of the distal phalanx (SADP) (Pellmann et al., 1997). The function of 
the SADP is to transfer forces between the ground and the axial skeleton (Pellmann et al., 
1997). The suspensory device is formed by the dermal and epidermal lamellae via the 
basement membrane (Pollitt., 1994 and Reilly, 200 I). This complex anatomical association 
unites the hoof wall to the distal phalanx as one functional entity (Budras et al. 1996). As a 
consequence of this anatomical organisation, the hoof wall represents the major load-bearing 
component within the equine hoof capsule (Nickel 1938a, b, 1939). 
2.3.2 Biomechanical response to weight-bearing 
Many studies have attempted to evaluate hoof deformation in respond to loading. Reilly 
(200 I) indicated that although the earlier studies were restricted by the technology available 
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at the time, in 1891 Lungwitz had used the closure of an electrical circuit to trigger a bell in 
response to movement of parts of the hoof capsule. The observations of the hoof wall 
deformation by Lungwitz (1891) can be summarised as follows: 
• An inward movement of the anterior aspect of the hoof wall. 
• A concurrent expansion at the heels. 
• A decrease in the height of the foot at the coronary band (CB) with sinking of the 
heels. 
• A flattening of the sole. 
This has in the main been substantiated by later workers including Leach (1980), Colles 
(1989) and Thomason et al. (1992). 
The biomechanical response of the equine foot to static weight-bearing is diagrammatically 
summarised in Fig. 2.4. This shows the force interaction within the distal limb during static 
weight-bearing and the resultant force distribution and displacements within the hoof wall. It 
has been widely accepted by other authors such as Leach (1980); Thomason et al., (1992); 
Newlyn et al., (1998); and Reilly (2001). 
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(I) 
Bearing Borde.r (B8) 
Fig. 2.4 Diagrammatic summary of the force interaction within the distallimb during static weight-bearing, and the resultant force distribution and 
displacements within the boof wall ( after Thomason et al. 1992, Newlyn et al. 1998, Reilly 200 I). 
(A). Transmission of forces between hoof wall and skeleton in saggital section. (B). Principal stresses induced within the hoof wall as a consequence of the 
resolved compressive component of the ground reaction force. (C). The deformation occurring within the boof wall as a consequence of tile GRF and the 
tensile forces generated within the SADP. (D). Spreading of the beels and possible strains it could induce. E. The overall pattern of hoof wall deformation. 
W=Weight of horse acting through the centre of the hoof; G=Ground reaction force (GRF) generated in response to W; g.=Component of the GRF acting 
upon the bearing border; C=Resolved compressive component of g acting in a disto-proximal direction within the hoof wall; T=Tensile forces acting across 
the SADP; D= Action of DDFT; T=Tensile reaction force in the heels; C=Biaxial compression acting on the dorsal aspect of the hoof wall at the MDC; 
T*.= Tensile forces generated in the inner aspect of the hoofwall at the mid line dead centre (MDC.) 
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In accordance with Newton's third law of motion, a ground reaction force (G) is vertically 
orientated and considered to act through the centre of the capsule. This force counteracts the 
downward force of the bodyweight (W) through the distal phalanx. As the hoof wall 
represents the weight-bearing element of the foot, components of the GRF act via the distal 
bearing border (BB) of the hoof wall. As the hoof wall is at an angle to the vertically 
orientated GRF, a resolved compressive force (c) is directed parallel to the hoof wall and an 
inwardly-directed tensile force (t) is also resolved (Thomason et al .. 1992, Douglas et al. 
1996). 
2.4 Hoof functions 
The functions of the hoof include: 
Withstand high velocity ground impacts and transfer forces painlessly 
The hoof is subject to both static and dynamic loading during weight-bearing and locomotion 
respectively (Douglas et al. 1996). As the hoof represents the platform for dynamic 
performance (Balch et al. 1991), it is essential that the hoof is capable of withstanding the 
forces generated by ground impact (Thomason et al. 1992; Douglas et al. 1996) and allows 
painless transmission of the forces of locomotion to and from the axial skeleton (Thomason et 
al. 1992). 
Protect the sensitive structure inside the hoof capsule 
Reilly (1995) indicated that the insensitive horny hoof capsule is required to withstand the 
effects of the physical and chemical environment. Hence the transmission of the forces must 
be achieved without excessive deformation or catastrophic failure of the hoof capsule in order 
to afford protection to the underlying sensitive structures of the foot (Leach and Zoerb 1983; 
Dyhre-Poulson et al.1994). On the other hand, it has to protect the underlying sensitive 
tissues against infectious agents (Reilly 1995; Budras et al. 1996). 
Dissipate the shock wave produced by ground contact 
Dyhre-Poulson et al. (1994) stated that the hoof must dissipate the shock waves produced 
during ground contact. According to Kainer (1987), the heel horn is younger, moister and 
thinner than other areas of the wall, and therefore it is more elastic. This characteristic is 
thought to enable the hoof to decrease the frequency and amplitude of vibrations caused by 
hoof impact (Dyhre-Poulson et al., 1994) . 
Allow controlled cracking 
Some recent studies have suggested that the horn of hoof wall, at a macroscopic level of the 
design hierarchy, may act as a multi-laminated composite (Reilly et al. 1996; Kasapi and 
Gosline 1997). Reilly et al. (l998a) hypothesised that this complex design would produce a 
'tortuous jagged path' to inward crack propagation as a result of strain energy being absorbed 
in all the different material phases. In addition, the separation along the tubular-intertubular 
interface was thought to produce a crack stopping mechanism (Kasapi and Gosline 1997) by 
allowing different crack diversion mechanisms to exist within the different structural 
organisations between the respective laminar plys. 
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Regenerate itself 
The hoof horn grows continuously. Hahn et al. (1986) indicated that the rate of hoof horn 
growth seems to be affected by wear rates. Therefore wear is compensated by the hoof horn 
formation by this regeneration (Reilly et al., 1998b). 
2.5 Hoof shape 
The importance of horse feet has long been recognised. In 1752 Bridges suggested that the 
feet of a horse, like the foundation of a building, are the support of the whole body. It should 
be examined closely and all the parts considered attentively. He simply stated the importance 
of the horse foot as: No Foot, No Horse (Bridges, 1752). 
Before domestication, horses maintained their feet by themselves. Once man became 
involved via domestication, the various angles, widths, and lengths of the foot are commonly 
altered during shoeing and trimming, for either aesthetic or performance purposes. Thus, the 
shape of the domestic horse hoof capsule is likely to be determined by factors such as: the 
internal anatomy of the structure, the effects of work and environment (leading to self 
trimming and wear), the effects of nutrition and genetics, and the effects of farriery. 
The farrier's management of horse feet has been discussed and argued for centuries and even 
today there is little agreement regarding the ideal shape of the normal foot. How to define 
and describe the proper shape of the equine foot is a difficult and challenging subject. In the 
20th century, with the increase of the horse population, some established facts have been 
subjected to test by the scientific methods (Pollitt, 1995). Some of the old facts have been 
tested and verified by. the assistance of modern techniques. For example, Xenophon, an 
ancient Greek General, knew that the horses performed best if the axis of the dorsal hoof wall 
(DHW) and the pastern were the same (Pollitt, 1995). This has been accepted and agreed by 
the farriery professionals and veterinaries today. Even though, the precise effect of the hoof 
function is poorly understood because hoof research has historically focussed primarily upon 
defining properties (Reilly, 2001). As a result, although a high standard of husbandry from 
farrieries, veterinaries, and owners is required to maintain healthy feet, there is little 
information about the factors affecting feet and therefore there is little basis on which to make 
clinical or evidence-based decisions. 
2.5.1 Balance-the art of modern farriery husbandry 
Although the ideal shape of a normal foot has not been agreed among farriery professionals, it 
is generally believed that the geometric shape of the hoof capsule is essential in achieving the 
optimal force distribution within the foot. To achieve this, modern farriery management aims 
to achieve appropriate balance of the foot (Balch et al., 1991). Generally, three schools of 
thought are usually considered to achieve a well-balanced foot: I) the foot should be in 
geometric (static) balance; 2) it should be in dynamic (functional) balance; 3) it should have a 
natural balance (Stashak et al., 2002; Hood and Jacobson., 1997; Balch et al., 1991, 1993, 
1995 and 1997). 
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Geometric (static) balance 
Geometric (static) balance refers to a geometric equilibrium in the standing position (Stashak 
et al., 2002). According to Hood and Jacobson (1997), this approach regarding trimming 
seems to 'originate in the belief that some degree of symmetry is desirable in the normal foot 
either for aesthetic or mechanical reasons. They indicated that standards defining geometric 
balance usually include: I) the sole should be divided into equal halves by an imaginary line 
passing down through the central groove of the frog, the apex of the frog and the apex of the 
toe; 2) when viewed from the side, an imaginary line passing down through the upper digit 
should pass through a specific point on the sole of the foot; 3) an imaginary line passing 
through the upper digit should divide the digit into equal halves. Another definition of static 
balance was given by Stashak et al. (2002). This definition stated that the hoof was believed 
to be in static balance when the ground surface of the hoof is perpendicular to the axis of the 
limb, which means when viewed from the front, the medial and lateral hoof walls are equal in 
length, and the coronet is parallel to the ground. 
The advantage of this approach is its 'simplicity' by defining every hoof by the same 
principles and independent of most external factors except for the size of the horse (Hood and 
Jacobson, 1997). However, several factors should be considered before accepting this 
approach. First of all, this approach has assumed the geometrically symmetrical foot is the 
strongest factor (Hood and Jacobson, 1997). This has never been demonstrated. On the 
contrary, some recent research has indicated that the hoof wall and sole have some medio-
lateral asymmetry and most structures have dorso-palmar asymmetry (Kane et al., 1998; 
Roland et al., 2003). Secondly, this approach has ignored the dynamic effects of the foot. 
Hood and Jacobson (1997) has indicated that the normal foot bears weight while the horse 
stands squarely on it, the centre of load is normally placed in front of and on the medial side 
of the geometric centre of the foot. The normal loading pattern on the sole also varies with 
gaits and the nature of the ground surface. Therefore, the geometric balance could provide 
maximum strength at the standing stance but might not at others. Thirdly, the geometric 
balance approach could ignore any potential relationship between leg and foot conformation. 
The appropriate hoof balance is defined as hoof preparation that enhances performance and 
interferes minimally with long term athletic ability (Balch et al., 1995). Researchers argue 
that an asymmetry of the foot would be a mechanism to compensate for poor leg 
conformation or for the stresses placed on the foot (Balch et al., 1995; Hood and Jacobson, 
1997). 
Dynamic (functional) balance 
Dynamic (functional) balance refers to the placement of the foot on flat grou~d during 
movement (Stashak et al. 2002). When a hoof is believed to be in dynamic balance, no 
matter what degree of asymmetry, it should land symmetrically on the lateral and medial side 
(Hood and Jacobson, 1997). 
Trimming for dynamic balance is much more difficult than trimming for geometric balance 
because it involves assessments of the horse's gaits (Hood and Jacobson, 1997; Stashak et al. 
2002). Compared with the static balance approach, one of the advantages of this approach is 
the consideration of the relationship between leg and foot conformation. According to this 
approach, the poor conformation of leg should can be compensated by the adjusting of the 
foot. However, similar with the static balance approach, this approach also cannot provide 
maximum strength for all gaits. 
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Natural balance 
The concept of 'natural balance' is a recent trend in hoof maintenance (Stashak et al., 2002). 
The concept of this approach suggests that conformation of a horse foot should be modelled 
on the foot in the natural state even if the underlying principles are not understood. 
According to Stashak et al. (2002), natural balance procedure should be used only on horses 
that are going to be left barefoot. This approach suggested using wi Id horse hooves as a 
blueprint (Ovnicek et al. 1995; Stashak et al., 2002). 
Or Hiltrud Strasser, a German vet who has studied the horse's hoof for more than 20 years, is 
the most famous supporter of this approach. Through her clinical work and publications she 
has demonstrated that the horseshoe is an unnecessary device for the hoof. Furthermore, she 
indicated that shoes are detrimental to the horse and should never be used (Florence and 
Reilly, 2003). Or. Strasser has theorised her concept and trimming techniques in her 
publications, which are known as the 'Strasser Method'. Although this refreshing approach 
has been described and perhaps promoted by many farriery professionals and veterinarians, 
Florence and Reilly (2003) argued that without scientific research it is difficult to assess the 
value of this technique. They suggested that careful evaluation and assessments are necessary 
before a new approach can be accepted. 
2.5.2 Factors involved in balancing a hoof 
Although proper hoof balance is the expectation of trimming (Balch et al., 1995), the 
performance of managements in the foot is more a skill than science as the husbandry is still 
based on experiences and observations (Hood and Jacobson, 1997). Different approaches are 
confusing, and sometimes even conflict with each other. Generally, the following factors will 
be considered when trimming a foot to achieve balance: 1) dorsal hoof wall angle (DHWA) 
(Balch et al. 1991, 1995, 1997); 2) dorsal hoof wall length (DHWL)(Balch et al. 1991, 1995, 
1997); 3) latero-medial hoof orientation(Balch et al. 1991, 1995, 1997; Stashak, et al., 2002); 
4) insensitive sole, frog and bar (Balch et al. 1991, 1995, 1997; Stashak, et al., 2002). 
Besides these factors, the heel angle (HA) was also included in assessing the hoof balance by 
some researchers, such as Turner (1992) and Kane et al. (1998). 
Dorsal hoof wall angle 
The dorsal hoof wall angle is also named the 'hoof angle' (Turner and Stork, 1988, Snow and 
Birdsall, 1990, Balch et al. 1991) or toe angle (Glade and Salzman, 1985, Kane et al., 1998, 
Hollands,2004). Balch (1997) has defined hoof angle as the dorsal to solear angulations of 
the hoof measured at the toe. Kane et al. (1998) defined the toe angle as the palmar angle 
between a line that best approximates to the dorsal slope of the hoof and a line along the 
ground surface when viewed from lateral or medial side. 
The common terminology used by farriery professionals and veterinaries to describe the 
shape of the hoof capsule is a mixture of anatomical terms and common usage words 
(Hollands, 2004). This can lead to confusions. The word 'toe' is an example. Although 
many researchers use this word as a reference point when measuring and evaluating the 
length and angle of dorsal hoof wall, it can be used to represent the bio-structure of the distal 
phalanx in anatomical terms. Similarly, 'hoof angle' does not distinguish the angle at other 
positions on the hoof wall capsule. Therefore in this thesis, the name of dorsal hoof wall 
(DHW) is used instead of 'toe'. This factor is named dorsal hoof wall angle (DHW A). 
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Discussions of alternative use around this factor (i.e. DHWA) continues to the present day. 
Stashak el al. (2002) indicated that although some text books cited 45' to 50' as normal for 
the fore hoof angle and 50' to 55' for the hind hoof angle, observations from farriery 
professionals believed that normal forelimb hoof angle for domestic riding horses range from 
53" to 58' and normal hindlimb hoof angle range from 55' to 60', and occasionally the angle 
of normal hoof could fall outside these ranges. . 
It is generally agreed that DHW A should be trimmed coincidently with the pastern so that the 
'dorsal surface of the hoofis parallel to the dorsal surface of the pastern region' (Balch, et. aI., 
1991; Stashak, el al., 2002). When the pastern similarity between the pair of hooves was 
altered due to musculoskeletal injuries, it was recommended to trim them to their respective 
pastern angles even though the two angles may differ by several degrees (Balch, et. aI., 1993). 
When the DHW A is too low in relation to the pastern, the centreline will be broken back near 
the coronary band. If the hoof angle is too high in relation to the pastern, the line will break 
forward. This alignment of the DHW A and the pastern angle is also known as dorso-palmar 
(DP) balance (Stashak el al., 2002). 
DHW A was found to directly affect the distal interphalangeal joint, the proximal 
interphalangeal joint and inversely affect the fetlock joint in a radiographic study (Bushe el 
al., 1987). Lowering the DHW A increases the tension on the deep flexor tendon and the 
navicular ligaments, and was reported to increase the risk of developing navicular syndrome 
and superficial distal flexor tendon strain. On the contrary, increasing the DHWA decreases 
the strain on the deep distal flexor tendon (Stashak el al. 2002). The DHWA was also thought 
to affect breakover (the phase from heel lift off to toe lift oft). Kinetic and kinematic research 
on the treadmill showed that decreasing the DHWA increases the peak force of the propulsive 
component of the force-time curve associated with the dorsal hoof wall and also delayed 
breakover (Balch, el al., 1991). 
Dorsal hoof wall length 
This factor was named as toe length (Balch el al., 1991, 1995, 1997) or hoof length (Stashak 
el al., 2002). It was defined as the measurement of length of the wall at the toe (Balch el al., 
1995). Balch el al. (1995, 1997) indicated that this measurement was often generalized as 
hoof length measurement as this measurement usually reflected the overall wall length. As 
this factor uses the same distal reference point with the DHW A, it is named dorsal hoof wall 
length (DHWL) in this thesis. 
General guidelines were suggested based on the weight of the animal when trimming and 
shoeing the short-footed (non-gaited) horses, with the exception of racing Standardbreds 
(Balch el al., 1991). Balch et al. (1995) indicated that either excessively short or long DHWL 
may cause lameness. 
Stashak et al. (2002) indicated that DHWL determined the length of lever that the limb break 
or pivot over. A long DHWL was believed to create a longer lever arm, which may lead to 
injuries of the suspensory apparatus of the fetlock (Balch el al., 1997). Lengthening the hoof 
was believed to increased tension on the palmar Iplantar soft tissue support structures 
(Stashak el al., 2002). Although for years, farriery professionals and trainers believed that 
lengthening the hoof would delay the breakover (Stashak el al., 2002; Balch el al., 1991, 
Stashak el al., 2002, Turner 1992 ), Balch el al. (1994) has evaluated the effect of increasing 
DHWL on trotting horses and indicated that it did not affect the stride length. Excessive 
trimming of the hoof wall, on the contrary, may predispose the sole and frog to trauma 
(Stashak el al., 2002). 
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Latero-medial hoof orientation 
Latero-medial hoof orientation is detennined by the relative relationship of the medial and 
lateral walls of the hoof and is then modified to achieve latero-medial (LM) balance for the 
limb (Balch et al., 1997). 
The purpose of achieving the LM balance is that the ground surface of the hoof is centred 
beneath the limb (Stashak et al., 2002) so that the hoof structure can bear the weight evenly. 
Altering the relative lengths and angles of the lateral and medial sides shifted the position of 
the hoof beneath the limb: lowering the lateral wall re-positioned the hoof more towards the 
midline of the horse while lowering the medial wall re-positioned the hoof away from the 
midline. 
Both static balance and dynamic balance were seeking to achieve LM balance. The two 
approaches however seemed to be conflict with each other. Balch et al. (1997) indicated that 
hooves that landed simultaneously on the lateral heel (LH) and medial heel (M H), which was 
trimmed following the dynamic balance approach, did not evenly distribute force across the 
sol ear surface of the wall. The medial side of the hoof was preferentially weighted during the 
stance phase instead. 
Therefore, detennining LM balance is one of the most challenging aspects of farriery. It 
largely relies on the experience and observations rather than science. Considerations 
affecting the approach used to achieve LM balance include the experience of the farriery 
professional or veterinarian, the age of the horse, the degree of abnormality, the 
accompanying problems, and 'the horse's use' (Stashak et al." 2002). Traditionally, 
problems associated with inappropriate LM hoof balance include lateral distorted hooves 
(Balch et aI., 1997); sheared heels (Stashak et aI., 2002), quarter, heel and bar cracks (Stashak 
et al. 2002); navicular syndrome (Stashak et al. 2002); and chronic metacarpophalangeal 
synovitis (Balch et al., 1997). These problems were believed to be related to the 
disproportionate forces applied to the hoof wall caused by the improper LM balance (Stashak 
et aI., 2002). 
When describing LM balance, the name quarters were used generically to represent the hoof 
wall at the medial or lateral side, confusing as to whether it represents a region or a point. In 
this thesis medial hoof wall (MHW) and lateral hoof wall (LHW) are used instead of quarters. 
Thomason (1998) indicated that the inclinations at the lateral and medial side could be used as 
convenient descriptors of the asymmetry of the hoof in dorsal view. According to this author, 
the inclinations 'quantity the orientation of the bearing surface to the wall at the quarter and 
encompass components of both common measures of medial and lateral balance'. In this 
thesis the lateral hoof wall angle (LHW A) and medial hoof wall angle (MHW A) are also 
adopted as factors to assess and affect the LM balance. 
Insensitive sole, frog and bar 
The sol ear surface of the hoof capsule is defined by the distal projection of the wall and the 
insensitive sole, frog and bars. 
The relationship between excessive sole removal and lameness has been identified for 
centuries. Excessive trimming of the sole was believed to cause bruising (Balch et al., 1995; 
Stashak et aI., 2002). Balch et al. (1995) cited from Lungwitz (1891) and Dollar (1898) who 
concluded that the thickness of the insensitive sole, as well as the width of the hoof, 
influenced the descent of the shoe and heel expansion. According to Balch et al. (1995), there 
didn't appear to be any additional data from the use of more recent technology to correlate 
sole thickness with inhibited sole descent since the 19th century. However, some researchers 
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commented that the loss of concavity from thickening of the sole would induce the loss of 
flexibility and the ability of the foot to absorb shock and suspend weight (Balch et al., 1991; 
Stashak et al., 2002). The frog has a limited weight-bearing function (Balch et al., 1991, 
1995; Stashak et af. 2002). According to Stashak et al. (2002), it is not necessary or desirable 
for the frog to bear weight when the horse stands on level ground. However, the frog is 
thought to aid heel expansion during ground contacting (Balch et al., 1991). Many farriery 
professionals and veterinarians accepted that the ground pressure on the frog was distributed 
proximally into the digital cushion and then passed biaxially through the hoof cartilages to 
cause outward movement of the wall (Balch et al., 1995). The importance of the insensitive 
bar has not been investigated (Balch et al., 1991). Balch et af. (1991) indicated that bars may 
act as internal struts to inhibit heel contraction in the absence of normal frog pressure, but 
excessively prominent bars may induce lameness associated with undue hoof rigidity. 
Heel angle 
The HA has not been clearly defined although it's vanalIon has been measured and 
investigated. Generally, this factor is always related to the OHW A when evaluating the heel 
support in the OP plane. Therefore, although much of the literature did not distinguish the 
inclinations in the dorso-palmar (OP) plane with the latero-medial (LM) plane, this shape 
factor reflects the inclination in the OP plane on the heels. 
Turner (1992) defined a commonly encountered hoof abnormality related to the heel support 
- underrun heels as the situation in which the angle of the heels is 5° less than the OHW A 
(Turner 1992). This author indicated that in one study of foot-related lameness, underrun 
heels were found in 77% of the horses. Another group has also reported a high-risk of 
suspensory apparatus failure (SAF) in the horse hoof with a 10° increase in the OHW NHA 
difference (Kane et al., 1998). 
2.5.3 Summary of foot management 
Modem farriery professionals aim to achieve the optimal force distribution within the foot via 
trimming the foot in balance. In general, factors including the OHW A, OHWL, HA, MHW A 
and LHW A, and the insensitive structures of bars, sole and frog are considered to achieve a 
balanced foot. However, the ideal shape of a normal foot has never been agreed among 
farriers. The existence of these disagreements could be a result of a lack of knowledge of the 
biomechanical functions. Hence, engineering modelling research and engineering tools are 
necessary to be introduced into the hoof research to enhance those understandings. 
2.6 Previous modelling research of horse hoof 
Biological tissues always have complex geometric shapes and multi-functions. 
Unfortunately, for most of them unlike manufactured products, we don't know why they were 
designed the way we now see them. Research of the biologic tissues will provide an 
increased understanding of how does nature design the product and why they appear as they 
do. 
Engineering and biology are two different domains following different disciplines. Solutions 
to problems move only very slowly between different disciplines (Vincent and Mann, 2002). 
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Hoof research has attempted to achieve more information and understanding by engineering 
modelling. 
2.6.1 Morphologic modelling 
Morphologic modelling aims to achieve the geometric similarity of the target ohject. The 
model shown in Fig. 2.5 is an example of the morphologic modelling of horse hoof for 
teaching purpose. 
Fig. 2.5 A longitudinal section model of horse hoof. 
Nowadays, the potential of computer models in morphology represents one of the great 
applications of this technology. MRJ, CT and radiographic techniques have made it possible 
to rebuild the 3D geometric form of a hoof so that a better therapeutic decision could be made 
based on a better understanding of the bio-structure of the foot. Besides, another well-known 
application is the use of CT or MRJ data by a veterinarian to produce a three-dimensional 
presentation of a bio-structure like a bone or a joint. This, when combined with the rapid 
prototyping (RP) technique, has become an important application in artificial implants. The 
term rapid prototyping refers to a class of technologies that can automatically construct 
physical models from computer-aided design (CAD) data. It is a method by which a sample 
part is made from specific materials. These "three dimensional printers" allow designers to 
quickly create tangible prototypes of their designs, rather than just two-dimensional pictures 
(Suzuki et al., 2004). This technique has been used in recreating anatomical structures in bio 
mimetic studies, and also explored in humans as a method of preparing surgeons for 
performing operations (McGurk et al., \997). 
2.6.2 Kinematic and dynamic modelling 
Kinematics is defined as the observation of motion in a mechanical system (Chateau et al., 
2002). Kinematic studies have described the horse's movement at various gaits and during 
jumping. This information can be used to create simulations of the motion that shows how 
the various components interact and allows the user to visualize the effects of disease, 
lameness or surgical intervention (Degueurce et al., 2000). Kinematics is limited to a passive 
observation of how a system moves, and it does not have the ability to make inferences. 
However, the kinematic information represents a bridge between visualization, which is a 
purely external observation, and dynamics, which is an understanding of the forces that are 
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responsible for creating the movement and the forces that anse as a consequence of the 
movement (Back & Clayton, 200 I). 
Dynamics uses kinematic data, combined with additional infonnation, to evaluate the forces 
within a system. Having calculated the dynamics, much more complex simulations can be 
perfonned (Back & Clayton, 200 I). 
A variation of dynamic analysis was performed for an entire horse in 1989 using a mechanical 
mechanism analysis package (Back & Clayton, 2001, originally cited from Van Den Bogert, 
et aI.1989). The entire horse was represented by a series of rigid components connected by 
springs, dampers and torque producers which represent tendons and ligaments. This 
simulation described not only the motion of a segment by kinematic data, but also the 
limitations of joints, the reaction forces created by the tension in ligaments and muscle 
activations. The model was analyzed and validated through both kinematic and ground 
reaction force data. However, the entire system was assumed to be purely two dimensional 
with the segments of the horse moving in a plane. Complex joints were approximated as 
simple hinges, and certain joints. 
In 2000, Herr and Mcmahon reported a similar horse model, which was fonned by a series of 
rigid bodies connected by joints. It is a two-dimensional model where all motion was 
confined to the saggital plane. The model contained 10 degrees of freedom (see Fig. 2.6). In 
this model, each stance limb is represented as an ideal linear spring. Each leg was 
constructed by an upper segment and a lower segment connected by a telescope joint which 
allowed for sliding movement between the segments. Three separate' segments were used to 
represent the rump, body and neck/head, and back and neck pin joints were used to model 
trunk and neck flexion in locomotion. Shoulders and hips were formed by pin joints, enabling 
each limb to retract and protract in the saggital plane. 
Hip 
Pin 
Joint 
Neck 
Joint 
Fig. 2.6 Horse hoof model with 10 degree (Herr and Mcmahon,2000). 
In this control model, an important hypothesis is that a trotting animal estimates when its 
limbs will first strike the ground using force and pitch infonnation gathered during a previous 
stance period. This estimated time is then used to define when the limbs should first retract. 
In this study, physically-realistic computer simulations were used to study the forces and 
motions of trotting by the modelling package called SO-Fast. The horse model was 
constrained to move in the sagittal plane during all experiments. Four trotting velocities were 
examined during the simulation experiments, ranging from a slow trot at 2.1 mts to a fast trot 
at 4.4m1s (Herr and McMahon, 2000). In a later report in 2001, this model simulated the 
gallop ranging from at 5.0 mts to a fast gallop at 7.8m1s. The author stated that the model 
replicated the mechanical characteristics well-with good predictions of the energy required 
for different gaits. 
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2.6.3 Structure-functional modelling 
The precise effect of properties upon hoof function is poorly understood at either gross, 
macro- or micromechanical level (Reilly, 1995). Achieving this is still a challenge due to the 
difficulties existing in establishing the protocols by which 'functions' can be accurately 
recorded, measured and assessed (Newlyn et al., 1998, Davies 2002). Hoof research has 
historically focussed primarily upon defining properties; therefore there is an urgent need to 
develop the understanding of the structure-function relationships of the hoof (Reilly 1995). 
For example, during maintenance, the geometric form of a hoof wall is often altered, but the 
effects of these variations in the structure on the hoof functions have not yet been evaluated. 
The finite element (FE) method might be a possible option. 
The FE method provides a mathematical solution to analyses of complex systems by sub-
dividing the system into the individual components or 'elements', whose behaviour is readily 
understood. It then rebuilds the original system from such components to study its behaviour, 
(Zienkiewicz and Taylor, 2000). Biewener (1992) indicated that the FE method is a powerful· 
tool for testing hypotheses regarding structure-function relationships in complexly shaped 
biological objects. It is also used in biological modelling to predict the behaviour of structure 
under various loading conditions. The approach of FEA modelling contains and combines 
information derived from different approaches including the morphological data, material 
property and also dynamic information to the modelling (Biewener, 1992). For example, by 
creating a computer model of a particular bone and applying forces to the bone, the type and 
location offractures in that bone may be predicted (Biewener, 1992). 
A number of equine studies have been performed using FEA, especially in the hoof area. One 
of the earliest was a two-dimensional finite element analysis of the structure of the hoof 
(Hogan et al., 1991). In this model, the deformation results were examined to determine 
motions that were not visible through direct observation. The results indicated that during 
weight-bearing the distal phalanx moved downward toward the sole, and rotated away from 
the dorsal hoof wall. 
The 3D geometric form was a difficult thing to model in the early stages of FEA application 
when there was a lack of 3D capturing techniques, such as the MRI or CT scanning. Hanft 
(1995) solved this problem by tracing outlines of slices cut every 5 mm perpendicular to the 
DHW from a cadaver hoof. Each slice was then cleaned and photographed. The outlines of 
the foot components were identified from the photocopies and digitized by software. All the 
digitized outlines were then re-united in the computer to construct a 3D geometric form. The 
finite element (FE) simulation was conducted by ABAQUS. Static loading of 9000N was 
applied on the distal phalanx. The strain data of FE simulation was compared with the results 
achieved by strain gauge in a preliminary investigation. The comparison indicated significant 
differences existed between the strain calculated and measured from the hoof wall. The 
majority of the strains predicted by the simulations were 2-4 times the values measured in 
vitro. The author attributed the differences into two main reasons: I) the strain data measured 
in vitro could be inaccurate and 2) much of the information used to develop the model is 
based on assumptions and estimates using similar information from literature: i.e. the material 
properties. In fact although the 3D geometric form of the hoof was believed to be 
'reasonably' accurate because the mesh was constructed using tracings of the actual foot', it 
still could be one of the reaSons that the strain data in simulations did not match with the 
strain data in vitro due to assumptions that had to be made between different slices. 
Les et al. (1997) reported 3D FE models on the left metacarpi of five adult horses using CT 
data. The models were then divided into a series of quadrilateral elements (Fig. 2.7). The 
models consisted of 3x3x3mm elements and were fully constrained at the distal end. They 
were loaded in axial compression equivalent to three times body weight (-15 KN), with the 
load evenly distributed across the distal row of carpal bones. Maximum and minimum 
principal strains from the models were compared with the data achieved in vitro investigation. 
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The compared data suggested that the models were robust and accurate predictors of surface 
strains. 
Proximal 
k:Medial 
Palmar 
Fig.2.7 Palmarolateral view of an FE model of the left metacarpus (Les el al., 1997). 
Newlyn el al. (1998) reported an application of FE simulations in investigations of the 
performance of a donkey hoof wall. The model was created with a 2 mm mesh and consisted 
of 11608 nodes. A static loading of375N was applied to the inside wall. This model of the 
hoof wall was adopted to predict the changes in macro and micromechanical performance due 
to changes in the microstructure (Newlyn el al., 1998). In this model, the geometric shape 
was defined by measurements taken from the lateral half of the hoof capsule. A basal 
template, which was defined as the profile of the solear aspect of the hoof wall, was 
constructed firstly by the coordinates of ID measurement sites. The wall thicknesses at each 
measurement site were measured to decide the aspect of the BB. The parameters of the 
DHWA, HA, the angle and length of the tubular axis at each measurement site were measured 
to determine the CB. The other half of the model was then constructed by mirroring this 
known half. The hoof wall model revealed loading responses indicating that the heels moved 
outward and a dorso-concave deformation of the DHW' occurred inward to the limb axis, 
which were in broad agreement with previously reported observations of the equine hoof by 
Leach (1980) and Thomason el al. (1992). The 3D geometric form in this research was not 
measured using the relatively high cost techniques of MRI or CT but only normal tools of 
ruler and protractor from a hoof capsule taken from a donkey foot. The geometric form 
construction protocol was also adopted and adapted by later workers in the investigation of 
hoof capsule. 
Hinterhofer el al. (2000) presented an FE model of the equine hoof capsule consisting of 
18,635 finite elements. The purpose of this model was to demonstrate the biomechanical 
effects of lowering and raising the heels. The hoof capsule was constructed to be symmetric 
in the lateral and medial side with the wall angle of 800. Three types of horseshoes were 
simulated in this model, a regular shoe with flat branches, a shoe with 50 raised heels and a 
shoe with 50 lowered heels. Shoeing was simulated by adding restraints to ground element 
nodes. The regular horse shoe supported the hoof capsule model in its distal border of the 
hoof wall and small adjacent parts of the sole. A static load of 3000 N was applied to the 
model, among which 80 % was applied to the inner hoof wall according to the suspension of 
the distal phalanx, and 20 % was loaded on sole and frog. The deformation and stress at 30 
selected locations (Fig. 2.8) of the capsules was investigated. 
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Fig. 2.8 30 selected locations investigated in the FEA model of the hoof capsule 
(Hinterhofer et al., 2000). 
When the model of hoof capsule was loaded, the proximal DHW moved back, the quarters 
flared to the side and sole and frog performed a downward movement. Stresses were high in 
the material surrounding the quarter nails, in the heels and in the proximal DHW. It was 
found that raising the heels resulted in significantly lower stress and displacement values 
(Hinterhofer et aI., 2000). 
A further FE investigation of the effects of farriery was conducted by Hinterhofer et al. in 
200 I. A regular horseshoe and horseshoe with clips in different positions were simulated. 
The nail conditions were also considered: 'tense nail fixation' which was the accompanying 
nailing conditions of a newly-shod hoof and 'loose nail fixation' which represented the 
nailing conditions at the end of a shoeing period. The maximal displacement was found in the 
hoof capsule shod with a regular horseshoe without a clip. Unsurprisingly, all modes showed 
higher displacement with a 'loose nail fixation' comparing with a 'tense nail fixation'. 
Thomason et al. (2002) compared the strain in hoof capsule calculated using FE methods with 
the strain recoded in vivo- to validate the FE model before using it for further investigation 
and prediction. The geometric forms of 9 front feet were constructed following the protocols 
from Newlyn et al. (1998). Measurements were taken from photographs. The comparison of 
two sets of strain data showed differences of 16%-221 % among the 9 hooves. Although in 
general the strain predictions by FE simulations did not agree with the strain data achieved in 
vivo, these authors indicated that the FE simulations could be improved by further 
consideration of the inside structures including the lateral cartilages, navicular bone, frog and 
tendons. 
The same group has investigated the effects of hoof shape on the strain using the same FE 
simulation model systems. This was reported by McClinchey et al. in 2003. The 
investigations were conducted by four sets of simulations in which shape factors of DHW A, 
HA, DHWL, and MHWA/LHWA were changed whilst others were fixed. The simulations 
showed that strain at the DHW is inversely related to DHW A, and not strongly affected by 
HA. 
Although all the reported FE investigations in the area of hoof research lacked a satisfactory 
validation, the FE modelling techniques exhibits a great potential to provide information, 
which will develop an understanding of structure-function relationships of the hoof by 
integrating the factors of geometric form, material properties, loading conditions and 
boundary conditions into the simulation. Accurate geometric form construction is one of the 
key factors for an accurate prediction by FE simulation. This requires developing a system 
which can be adopted to identity measure and record the shape of the equine hoof (Kane et 
al., 1998, Hollands, 2004). 
21 
Chapter 2 Literature review 
2.7 Evaluation of current measuring techniques 
As the hoof capsule is a free-fonned bio-structure with high complexity, it is required to 
develop a three dimensional system to measure the shape of hoof capsule with easily 
definable and recognizable parameters. Before measurements can be taken, it is necessary to 
define the reference point. Kane et al. (1998) noted that the main difficulty in establishing 
methods to measure the shape of horse hoof was the lack of easily definable reference points. 
2.7.1 Defining the reference points 
Reference point at the dorsal hoof wall 
The shape factor of DHW A and DHWL are taken at a reference point at the dorsal hoof wall. 
A different anatomical reference point has been taken when measuring the DHW A. 
Thomason et al. (1992) used the 'anterior midline' as the reference point when they measured 
the strain at the DHW. Ovnicek et al. (1995) reported they delimited the middle of the toe by 
drawing a straight line from the succulus of the frog, anteriorly through the apex of the frog 
and continued across the sole to the dorsal aspect of the wall. Thomason (1998) defined this 
point as the 'furthest forward point of the dorsal wall at its intersection with the bearing 
surface'. In the geometric symmetry of solear surface investigation, Roland et al. (2003) 
adopted the intersection point of the dorsal aspect of the hoof wall with a line that bisected the 
angle fonned by visual estimation of best-fit straight lines in the most proximal part of the 
collateral sulci adjacent to the frog. These definitions are confusing because the 'anterior 
midline' might not be the 'furthest forward point of the dorsal wall' as the hoof is not always 
symmetrical medio-Iaterally (Kane et al., 1998, Roland et al., 2003). The use of the central 
sulcus of the frog or the apex of the frog may introduce variability because the shape of the 
frog can be varied (Hollands, 2004). Having tested different techniques, Hollands (2004) 
decided to use the most forward point on the dorsal wall, at which the midsagittal line through 
the sole from the middle of the heel bulbs met the dorsal hoof wall. 
The observation of the DHWL has been standard farriery practice for centuries (Balch et al. 
1995). However, apart from the distal limit which is the same reference point of DHW A at 
the DHW; disagreements also existed in defining the proximal limit. Traditionally the 
proximal limit of this factor was taken at the hairline, which is the junction of the skin and 
hoof. Balch et al. (1995) argued that it was too arbitrary to use the hairline. Instead of this, 
these authors recommended using the coronary rim as this represents the most proximal point 
of the hoof wall. Hollands (2004) however decided to use the hairline in the research for two 
reasons: I) the sensitivity of the coronary rim could become a challenge in vivo; and 2) this 
point would not be identifiable in photographs. 
Reference points at medial hoof wall and lateral hoof wall 
The reference points of MHW and LHW were adopted by some researchers to define shape 
factors including LHW A and MHW A and assess issues related to LM balance. The 
definitions varied among different researchers. Thomason (1998) adopted the widest point of 
the hoof from a photographed dorsal view. Kaneps et al. (1998) measured the bearing border 
from the lateral view and medial view and used the points 50% between the DHW and heel. 
Hollands (2004) indicated that the widest point of the capsule is a more accurate measurement 
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and would ensure repeatability in finding the particular reference points and therefore she 
defined the points as where the widest part of the sole met the wall. 
Reference points at lateral heel and medial heel 
Reference points at the LH and MH were not given clear definitions by many researchers 
although the shape factor of HA is often investigated together with the DHW A. Hollands 
(2004) indicated that there are no easily definable anatomical points on the hoof capsule 
between the widest points and the caudal aspect of the hoof wall; as a result she defined the 
point of heel as the caudal cornified aspect of the hoof wall at the distal surface when 
considering the outline of the capsule. 
2.7.2 Geometric information measurement 
Various workers have used different tools to measure the shape of the hoof. Generally, there 
are three kinds of methods adopted by researchers: I) measure direct from the hoof by tools 
or special designed device; 2) photographic techniques; 3) 3D geometric form capturing 
techniques. 
Direct measurement of the hoof 
The common tools for direct measurement of the hoof include ruler, calliper, divider, 
protractor, tape, and special designed devices like a hoof gauge. 
Balch et al. (1991) used a pair of dividers to measure the length of the wall. Kaneps et al. 
(1998) measured the length of the wall with a ruler. Similarly, Roland et al. (2003) measured 
the length on the solear surface with a calliper set with a digital display. Considering the 
curvature character of the hoof wall, Turner (1992) adopted a less rigid tool-the tape 
measure to determine the length. Hollands (2004) has investigated three kinds of tools 
including a pair of dividers, a piece of string and a tape measure and indicated that the string 
or tape could introduce too much variation as they were difficult to hold at the hairline. The 
tape measure is easier than the string because the measurement can be read from the tape 
measurement and there is no need to cut the end of it. The disadvantage of tape measurement 
was that the hoof has to be lifted from the ground. Also it was difficult to achieve the precise 
reading at the reference points from the tape measure. Therefore she concluded that a pair of 
compasses or dividers was the easiest and most efficient method. 
The angle measurements are more difficult to be achieved as the hoof has a 3D free formed 
shape with high complexity. Due to this complexity, it is difficult to use the common 
protractor effectively so that precise measurements could be made. Therefore a special 
device called a hoof gauge or hoof protractor was developed to measure the DHW A. The 
hoof gauge is a combination of leveller and protractor (see Fig. 2.9). 
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Fig. 2.9 Hoof gauge --<levice to measure the DHW A 
The main limitation of using a hoof gauge is that only DHW A could be measured. This 
device will not pick up any variability due to the curvature of the wall. 
Hollands (2004) has designed a new device called a 'Peacometer' to measure the DHWA. 
The design detail of this device was not provided in the author's thesis. Neither was the 
validation of this device. Similarly, this device also had limitations in capturing the curvature 
of the wall. 
Both hoof gauge and 'Peacometer' are designed to measure the DHWA. The angles of the 
hoof wall on any other positions were still difficult to achieve. 
Photographic techniques 
Photographic techniques have been adopted by researchers including Kane et al. (1998), 
Thomason (1998) and Hollands (2004). 
Kane et al. (1998) took measurements from photographs to evaluate the size and shape as 
possible risk factors contributing to muscularskeletal injuries. The difficulty of this system is 
that it is difficult to identify the proximal limit of the length measurement on the photographs 
unless the hair had been cut back. The DHW A, on the other hand, was likely to introduce 
errors as different values were obtained from the medial view and lateral view, so the average 
of the two values had to be calculated. 
Thomason (1998) measured the shape of horse hoof by taking lateral and dorsal photographs. 
The detail of the technique was not given. 
Hollands (2004) chose a digital camera after comparing with a Technical Monorail camera. 
The hair at the hairline of the hoof was trimmed and all the reference points on the hooves 
were identified with correction fluid to ensure visibility on photographs. After calibration, 
pictures were taken and downloaded onto the computer. The measurements were taken from 
the photographs by the programme named NlH image. Comparisons of measurement taken 
from the photographic and direct measurement techniques showed that the measurements 
taken from the solear surface and inclinations in spatial space were not significantly different 
to those taken from photographs, but the length measurements including DHWL and the 
lengths on the MHW and UfW taken directly from the hooves were significantly bigger than 
that from photographs. Although the comparison has been made, Hollands did not indicate 
which method was more accurate as lacking of validation for both of the techniques in recent 
days . 
3D geometric form capturing techniques. 
Due to the complexity of the hoof shape, it is difficult to take and analysis photographs 
(Hollands, 2004). Therefore 3D geometric form capturing techniques showed great potential 
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in capturing the geometric form of the hoof. The most common 3D geometric form capturing 
techniques used for clinical purpose are Magnetic resonance imaging (M RI) and 
computerized tomography (eT). These two techniques have been used in investigation of 
foot pain and diseases (Dyson, et al., 2002; Schneider, et al. 2003). MRI and eT techniques 
play very important roles in investigation of the internal structure and tissue in recent days. In 
modelling research, they have the potential to provide the internal geometric form 
information. 
An MRl scan is a radiology technique which uses magnetism, radio waves, and a computer to 
produce images of body structures (Mattson and Simon, 1996). It is more effective in 
providing a detailed picture of structures and organs inside the body that contain water rather 
than bones, such as: the brain (where it can detect tumours, bleeding, aneurysms, or lesions 
from diseases such as multiple sclerosis), internal organs and glands (where it can detect 
problems such as tumours, bleeding, infection, or blockage), blood vessels and blood flow 
through vessels. This technique is mainly used in the horse hoof area to investigate the hoof 
pain. Oyson et al. (2002) of Animal Health Trust reported the investigation of using MRI in 
the evaluation of foot pain. By correlating MRI findings with other methods of clinical 
investigation, the authors conclude that MRl permits the diagnosis of a variety of lesions 
involving different structures within the foot that cannot be diagnosed using other means 
(Dyson et al., 2003). 
eT stands for computerized tomography scan, which is also called computer axial 
tomography (CAT scan) (Braun et al., 1998). It is an x-ray approach which combines many 
x-ray images with the aid of a computer to generate cross-sectional views. A large don ut-
shaped x-ray machine takes x-ray images at many different angles around the body. These 
images are processed by a computer to produce cross-sectional pictures of the body. In each 
of these pictures the body is seen as an x-ray "slice" of the body, which is recorded on a film. 
Compared with MRI scanners, CT scanners are good for imaging bony parts of the body. CT 
scanners are used in the horse hoof area to investigate the anatomy of structures. Darsell et 
al. (2003) from Washington State University presented the controlled-porosity alumina 
ceramic bone grafts processed from CT data of a short pastern bone of a horse's knuckle 
(Oarsell et al., 2003). The model of the metacarpus created by Les et al. (1997) is based on 
the CT data. 
MRl and CT techniques are widely used for clinical purposes. The high-cost is a barrier for 
horse owners and farriery professionals. The techniques themselves also require highly 
skilled professionals, and cannot be easily handled by horse owners or farriery professionals. 
As the external shape is usually of more concern to owners or farriery professionals, the 3D 
laser scanning technique might be an more easily applied option to capture the external shape 
of the hoof capsule. 
3D scanning devices are now available from a number of commercial sources, and address a 
variety of target applications. The investigation of three kinds of 3D scanner and their 
capability of capturing the external shape of hoof capsule will be described in Chapter 3. 
2.8 Investigation of displacement and strain distribution 
The hoof is an important weight bearing structure which forms the interface between the 
distal limb and the ground. Forces related to body weight are transferred through the hoof 
capsule to the inside structures of the foot. Due to poor understanding of the function, the 
best practice husbandry of the foot continues to raise many questions. To address these 
questions, it is necessary to quantity the deformation and strain distribution during 
locomotion. 
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Strain gauges are important tools when investigating the mechanism of the horse hoof 
(Molyneux et al., 1994). A strain gauge changes its electrical resistance in response to 
deformation in a certain direction; and the change in resistance is converted to a voltage 
output that is proportional to the strain and is stored for later processing by a computer. This 
technique has been adopted by many researchers including Colles (1989), Thomason et al. 
(1992,2002), Thomason (1998), Hobbs et al. (2004) and Bellenzani et at. (2007). 
Colles (1989) reported the application offoil strain gauges to the hoof to assess hooffunction. 
This author described the configuration of the system including both the preparation of a foot 
and the its' instrumentation. The method of preparation of a foot, before a strain gauge can 
be fixed onto the hoof wall has been adopted by the later research conducted by Thomason et 
al. (1992). This system has produced reproducible measurements among different gaits of 
different horses. Also the heel expansion was confirmed in this paper. 
Thomason et at. (1992) evaluated the surface strain on the horse hoof wall by rosette strain 
gauges. Four rosette strain gauges were positioned on the 25% and 75% DHWL of DHW, 
and 50% hoof wall length ofMHW and LHW respectively. The investigation was conducted 
on three ponies at seven speeds on the treadmill. The reproducible results indicated that the 
hoof material is loaded predominantly in compression and the wall is deformed in a 
repeatable manner. Furthermore, biaxial compression was detected on the DHW, which was 
assumed by the authors to assist in preventing the formation or propagation of cracks and 
reduce peak strain magnitudes. 
Further strain investigation reported by Thomason (1998) examined the strain distribution of 
the healthy equine front hoof by 5 rosette gauges during different locomotor conditions. In 
this study the author concluded that locomotory mechanics should not be studied entirely on a 
treadmill because the locomotion on the treadmill showed significant differences in 
compressive strain magnitude with that achieved not on a treadmill. The variation in strain 
correlated with individual variation in hoof shape, however, the shape measurement of the 
hooves was not given. 
Hobbs et al. (2004) investigated the radial strain through the hoof wall thickness rather than 
on the wall surface by mounting 4 foil strain gauge into the holes drilled on the hoof wall. 
Six hooves were taken from 4 horses including 2 with laminitis. The hooves were held on an 
Instron test rig designed to simulate the walk at impact, midstance and breakover. The strain 
results reported by different gauges through the wall indicated a redistribution of the strain 
through the wall. 
A recent study (Bellenzani, et aI., 2007) assessed the effects of lifting the heel on the equine 
hoof wall strain for the purpose of evaluating the horse shoeing. Eight strain gauges were 
distributed around the hoof wall. The hoof being tested was mounted onto a testing machine 
and subjected to a load equivalent to 30"10 of body weight. The strain distribution showed that 
compression predominated during flat weight bearing, with a tendency to horizontal tension 
after lifting the heel. 
Although the strain gauge did demonstrate hoof strains related to loading during different 
conditions, the number and location of the strain gauges was arbitrary (Dejardin, et al., 1999). 
The strain distribution detected by a strain gauge could only reflect the surface strain over the 
very limited positions where the strain gauges were fixed. Dejardin argued that potential 
areas of high strain could have been missed due to inappropriate gauge number, placement 
and orientation. Therefore other techniques, especially those full-field techniques were 
introduced. Photoe\asticity is one of them. According to Dejardin et at. (1999), photoelastic 
stress analysis (PSA) is a full- field technique by which surface strains over an entire object 
can be determined. In this technique, a strain-sensitive plastic coating is firmly bonded to the 
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surface to be tested with reflective cement. The load-related strains on the testing surface 
then could be tranSmitted to the photoelastic plastic via the bonding method. When polarised 
Hght is reflected back through the plastic coating and polarising filters of a Polariscope, strain 
fields are displayed as optical bands of colour know as interference fringes. The difficulty of 
this technique is getting the right contact of the plastic coating on the hoof wall. Davies 
(1997) has reported a strain investigation of photoelastic coatings. This research however 
failed to document the hoof strain of the sound horses when the horses were standing 
normally although steep strain gradients were found in hooves associated with defects such as 
cracks and unstable nail holes. Dejardin et al. (1999) argued that this could he a reason of 
poor hoof-coating contact which may have resulted in a poor load transfer from the hoof wall 
to the plastic coating. Tbe investigation by Dejardin et al. (1999) demonstrated that strains 
were concentrated between middle and distal thirds of the boof wall regardless of the loading 
conditions. 
Due to the lengthy preparation time, the photoelestic stress technique has not been developed 
for use on a live horse hoof. Bum and Brockington (200 I) have reported a system using 
optical morion capture to demonstrate the hoof deformation. In this system, retro reflective 
markers were glued to the lateral and dorsal hoof wall of the live horses. When horses were 
trotted in a straight line at a constant speed the marker positions during stance phases were 
recorded using a 3 D motion capture system. The motion capture system has been calibrated 
using a micrometer and the accuracy of which was reported to be less than 0.1 mm. This 
report has confinned the patterns of hoof deformation in which the DHW moving backwards 
to the axis of the limb with displacement increasing proximally. 
A similar optical capturing system reported in 2001 by Jordan et al. consisted of a force 
sensor panel and three Sony XC75CE CCD cameras fastened on a trolley which can he 
moved on a circular rail around the hoof (Fig. 2.10). The force sensor panel is used to ensure 
a constant load condition of the hoof during the image acquisition. Before the experiment, the 
horse was sedated to reduce its movement to a minimum and a calibration of the three 
cameras is performed to ensure the accuracy. Reference markers were placed along the horn 
tubules on the horse hoof. To obtain the deformation of the horn capsule, different sets of 
nine images which were arranged regularly around the hoof were acquired after changing the 
load conditions by remaining the borsesboe or pacing a wedge pad under the hoof. This 
system adopted 84 points milled into the aluminium plate as a reference system. The 
precision was estimated to be 0.I-O.2mm. The deformation data of the horse hoof however 
was not reported. 
Fig. 2.10 3D Configuration of the optical system reported by Jordan et al. (2001). 
More modem technologies are available, such as a commercial product optical 3D 
deformation analysis from GOM mbH: ARAMJS (website of GO M mbH). This has not been 
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used in the hoof area, but might be one of the options for the full-field 3D deformation and 
strain analysis of the equine hoof. 
2.9 Software and FE packages 
U nigraphics NX 
Unigraphics NX is a CAD package from Siemens Product Lifecycle Management Software 
Inc. It is a powerful software system that addresses the entire product development process 
from conceptual design through to product modelling, analysis and manufacturing. It 
includes a flexible hybrid modeller that gives users a choice of solid, surface, wireframe and 
feature-based parametric modelling as well as powerful photorealistic rendering, animation 
and rapid prototyping tools (Website of SIEMENS). 
MSC Nastran 
MSC Nastran is a product from MSC Software Corporation. MSC Nastran is a general 
purpose finite element analysis. It provides a wide range of modelling and analysis 
capabilities, including linear statics, displacement, strain, stress, vibration, heat transfer etc. 
The solver of MSC Nastran provides direct interfaces with a wide range of third-party CAD 
programs including Unigraphics NX so that the modelling and simulation can be processed in 
the same environment (Website of MSC Software Corporation). 
Geomagics Studio and 3-matics 
Geomagics Studio from Raindrop Company is reverse engineering software designed for 
general purpose of handling digitized data to achieve engineering standard format, such as 
STL and NURBS. The newest version is Geomagics Studi09 (Website of Geomagics). 
3-matic is a new product from Materialise. The design concept of 3-matic is to reduce product 
development cycles by go straight from scanned or CAD data to analysis and other CAE 
applications. It integrates reverse engineering tools which can convert point cloud data to 
engineering standard formats of STL and NURBS files with forward engineering which 
achieves good quality surface mesh directly from STL surface (Website of Materialise). 
Mimics and Magics 
Magics is a product from Materialise, which enables the import of a wide variety of CAD 
formats and the conversion to STL format to export for the purposes of rapid prototyping 
tooling and manufacturing. Its applications include repairing and optimizing 3D models; 
analyzing parts; making process-related design changes on STL files, etc. (Website of 
Materialise). 
Mimics is a product from Materialise, which enables a medical imaging software interfaces 
between scanner data and CAD formats, between medical images and rapid prototyping 
28 
Chapter 2 Literature review 
process. It allows translate CT or MRI data into complete 3D models. (Website of 
Materialise). 
2.10 Summary of literature review 
As the hoof represents the platfonn for dynamic perfonnance, it is essential for it to be 
capable of withstanding the forces generated by ground impact and allows the painless 
transmission the forces of locomotion to and from the skeleton. Overload injuries occur when 
the maximal load or the frequency (over use) of loading exceeds the capability of the limb to 
sustain loads, and this is seen to threaten the modem sport horse and the racing horse 
industry. Therefore a high standard of husbandry is required to minimize the risk of overload 
injury and improve the therapeutic techniques once the damage has occurred. 
Modern farriery professionals aim to achieve the optimal force distribution within the foot via 
trimming the foot in balance. The ideal shape of a nonnal foot however has never been 
established. Even though, factors including the DHW A, DHWL, HA, MHW A and LHW A, 
and the insensitive structures of bars, sole and frog are generally considered to be managed in 
achieving a balanced foot. 
FE modelling technique allows the integration of the factors of geometric fonn, material 
properties, loading conditions and boundary conditions into the simulation and offer a full 
range of biomechanical perfonnance assessments. Unlike most manufactured products 
produced in the engineering domain, a horse hoof cannot be split by components and 
assembled back without losing its biomechanical function. Therefore, the FE modelling 
techniques can be utilized to develop the understanding of structure-function relationships of 
the hoof, as advocated by Reilly (1995). 
FE modelling techniques have been reported to predict the strain and stress distribution on the 
hoof wall under load (Hanft, 1995, Newlyn et al., 1998). FE modelling techniques also have 
been used to assess the farriery treatment including the effects of flat horseshoes, raised heels 
and lowered heels (Hinterhofer, et al .. , 2000), the effects of different horseshoeing conditions 
(Hinterhofer, et al., 200 I) , and the effects of varying hoof shape factors (McClinchey et al., 
2003). 
Accurate geometric fonn modelling is one of the key factors in achieving a precise prediction 
by FE simulations. Currently, difficulties still exits in capturing shape factors as the horse 
hoof has a 3D free fonned geometric form with high complexity. 3D geometric. form 
capturing techniques have shown great potential to provide geometric fonn infonnation for 
FE simulations. 
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Chapter 3 Shape capture by non-contact 
techniques 
3.1 Introduction 
The shape of the domestic horse hoof capsule is likely to be detennined by factors such as: the 
internal anatomy of the structure, the effects of work and environment (leading to self trimming 
and wear), the effects of nutrition and genetics, and the effects of farriery. Modern farriery aims 
to achieve the optimal force distribution within the foot via trimming the hoof capsule into a 
desired shape. Unfortunately, there is little basis on which to make evidence-based decisions due 
to little infonnation about the factors affecting the biomechanical effects of the feet. Therefore, it 
has been discussed and argued for centuries and there is, still, little agreement regarding the ideal 
shape of the nonnal foot. A lot of effort has been conducted during the last decade to provide 
new infonnation to the farriery professions and veterinaries by computer analysis and simulations 
with a goal of enhancing the understanding of the shape-functional relationships of the equine 
hoof. Amongst these include the FE modelling technique, which provides a sophisticated method 
of simulating the theoretical response of an object under loading based on material and structural 
properties, has great potential for investigating biomechanical function (Reilly, 200 I). 
The first barrier to conducting FE investigations in hoof research is to accurately 'duplicate' the 
shape of a horse hoof in the engineering domain. Precisely representing the geometric shape is 
essential for accurate analysis and predictions (Richmond, et al., 2005). Two kind of measuring 
protocols were mainly adopted by currently reported modelling research of the horse hoof: I) 
measurements taken directly from a horse hoof capsule by tools or special designed devices, e.g. 
ruler, calliper, hoof gauge etc.; 2) photographic techniques (reviewed in section 2.7). However, as 
the hoof capsule represents a 3 D free fonned shape with high complexity, it is a difficult task to 
instrument and measure (Hollands, 2004), as difficulties still exist in current method and 
measuring protocols. One set of FE modelling research project on the in-vitro horse hoof 
indicated an unsatisfactory result compared with the in-vivo data, in which the improper 
geometric shape capture and representation was believed to be one of the reasons (Thomason et 
al.,2002 ). 
3D laser scanning technique is a non contact 3D digitized technique. 3D laser scanning devices 
are now available from a number of commercial sources, and address for a variety of target 
applications. It may become an option to capture the shape of a hoof capsule. Other 3D digitized 
techniques including magnetic resonance imaging (MRI) and computerized tomography (eT) 
have been adopted in investigations of equine foot pain and diseases (Dyson, et al.,2002; 
Schneider, et al. 2003), but they have not yet been attempted to provide shape infonnation for 
modelling research and FE simulations. 
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There are two aims for this part of the work: 
• To investigate 3D laser scanning techniques and assess the capabilities of capturing the 
shape of a horse hoof capsule. 
• To establish protocols to construct 3D computer based models in different formats from 
3D digitized data for hoof capsule to fulfil further CAD modelling or FE simulations. 
3.2 Investigation of 3D laser scanning technique 
3D scanning devices are now available from a number of commercial sources, and address a 
variety of target applications. In this part of the work three kinds of scanners are investigated and 
compared to assess their capability of capturing the external shape of a horse hoof capsule. Tbey 
are: Picza LPX-250 from Roland DGA Corporation; ModelMaker X70 non-contact laser scanning 
head manufactured by 3D Scanners (UK) with a 7 degree freedom Faro arm; and the FastScan 
COBRA from POLHEMUS Company (manufacturers' addresses are listed in Appendix E). 
3.2.1 Roland Picza LPX-250 
Roland Picza LPX-250 (Fig. 3.1) is a non-contact 3D laser scanner with the maximum working 
area (diameter·height) of 254.0mm·406.4mm. During scanning, the target object is fixed to the 
rotating table, and then detected by a laser beam moving vertically from top to bottom. 
(a) Roland Picza LPX-250 (b) Hoofsample 
Fig. 3.1 Roland Picza LPX-250 scanner. 
A left forefoot collected from an abattoir is adopted for this testing. It was cut from the fetlock 
joint immediately after being slaughtered and stored in a freezer at the temperature of -4 ·C. Tbe 
shape of hoof capsule is complete without cracking or missing section on the surface. The sample 
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hoof is fixed in a direction to enable maximum area be detected by the laser beam on the rotating 
table. A laser beam step of I 0 millimetre /minutes is adopted. 
Point cloud data achieved from scanning are examined by Geomagics Studio as shown in Fig. 3.2 
(model code: Ch3-I; see 'Index of models ' on page xv). It sbows that most of the area of the 
external surface has been captured. However, data shows some missing areas, which include the 
conjunction area of dorsal hoof wall and sole and grooves beside hars. 
Further testing was conducted by applying white powder Duraform Polyamide on the hoof 
capsule, following suggestions given by the manufacturer of the scanner to counteract the 
absorption of laser light by the dark colour surface. Nevertheless, missing data in those areas still 
cannot be improved to the desired quality. 
PoInts m1$11ng 
Fig.3_2 Point cloud data obtained by Roland Picza LPX-250 scanner. 
Area difficult to be 
captured by the laser beam 
Direction of 
laser beam 
Fig. 3.3 Laser beam reaching area. 
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The most probable reason for missing data is that the direction of laser beam is restricted in one 
direction only, which makes it difficult to capture surface details with highly complex curvatures 
and orientations. For example, to ensure the majority of the hoof capsule surface can be seen by 
the laser beam, the solear surface of the foot is fixed in an approximately vertical direction. 
Unfortunately this has caused the conjunction area of DHW with the sole to be positioned in an 
approximately 'parallel' dinection with the laser beam, which means it is hardly 'hit' by the laser 
beam resulting in missed point cloud data (see red circle area in Fig. 3.3). The grooves besides 
bars are in a similar situation. 
Furthermore, during scanning, the object has to be restricted inside the working unit of Roland 
Picza LPX-250 scanner. Therefore it is impossible to consider any testing on a live animal. 
In conclusion, the investigation using Roland Picza LPX-250 scanner has not achieved the 
complete shape of a hoof capsule due to the timitations in laser beam direction and working area 
restrictions of the sample hoof. Although the operation of the scanner is nOI complex, it is nOI 
recommended to use this device to capture the shape of a hoof capsule. 
3.2.2 ModelMaker X70 with Faro Arm 
ModeIMaker X70 non-contact laser scanning head is manufactured by 3D Scanners UK. This 
unit is attached to a Faro Gold precision measurement arm with seven degrees of freedom (Fig. 
3.4). The Faro arm can reach 4 ft in distance. The scanning head projects a laser stripe onto the 
surface to be scanned. A camera situated in the head captures the reflected signals and records the 
3D digitized data of the surface detail. During the scanning process, the target object has to be 
fixed. 
Fig. 3.4 Faro arm scanner: FARO arm with a 3DScanner laser head X70. 
The same hoof sample used in the investigation of Roland Picza LPX·250 is adopted for this 
investigation. Similarly, the hoof sample is cleaned and fixed on the working table. The capsule 
surface is sprayed using the white powder of Duraform Polyamide. During the scanning process, 
the laser head is handled manually to ensure that all the surface detail is spotted by the laser stripe. 
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Fig.3.5 Point clouds result from ModelMarker X70 with Faro ann. 
Fig. 3.5 shows the original STL surface model (model code: Ch3-2) achieved from point cloud 
data by Geomagics Studio (the STL surface construction is presented later in section 3.3.2). It 
shows that most detail of the hoof wall and sole has been captured. However, the surface detail of 
grooves beside bars still does not exhibit a satisfactory result. 
Compared with the Roland Picza LPX-250 scanner, more surface detail has been captured by the 
integration of laser scanner head of ModelMarker X70 with Faro Arm due to the more flexible 
orientations of the laser stripe. The grooves, however, have not been captured successfully. Even 
though, the hoof wall, which represents the majority of the complexity of the shape of hoof 
capsule, has been captured successfully. This shows the potential of 3D laser scanning technique 
in capturing the shape of a hoof capsule. 
The scanning of ModelMaker X70 with a Faro arm is designed for a static object. During the 
scanning process, the target object has to be completely fixed. However, the working area has not 
been restricted to a closed area as the Roland Picza LPX-250 scanner. The whole scanning 
process by the ModelMaker X70 with Faro arm does not take too long - about 30 mjnutes to 
acltieve the surface detail shown in above Fig. 3.5. Therefore it may also be possible to capture 
the shape of the hoof capsule from a live horse when the animal is sedated. 
3.2.3 FastScan COBRA Scanner 
FastScan COBRA scanner is a product of POLHEMUS. [t is lightweight and portable, with the 
ability to scan objects in their natural environment. Thjs is particularly useful for physiological 
scanning applications since the device allows free form handheld scanning with no mechanical 
constraints. The main components of the system are a processing unit, which is about the size of 
a desktop computer, a transmitter, and a wand. When activated, the wand emits a laser beam 
which is then read by cameras mounted on the end (Fig. 3.6). The system has adopted a magnetic 
tracking system to track the wand location in 3 D, which makes it possible to capture a target 
object in a moving conditjon. As a magnetic tracking system is used, the scanner has to be used 
in a metal free environment. 
34 
Chapter 3 Shape capture by non-contact techniques 
----Wand 
Transmitter 
Processing unit 
Fig. 3.6 Main components of FastScan COBRA Scanner (cited from website ofPolhemus). 
The preliminary investigation by different objects indicated that the sensitivity of the scanner 
varies with different colour and surface condition. This can be improved greatly by coating the 
surface white, whicb is similar to what was done with the previous two scanners. 
The transmitter must stay in the same position throughout scanning. Although the sensing range 
for the transmitter and wand is recommended to be within 1-2 meters, a previous study by 
positioning the transmitter in different distances has shown that 'ghosting' which means double or 
muti-images occurs when the distance is more than 30cm. 
After the preliminary investigation of the scanner, this testing is designed to investigate the 
capability of scanning a living animal under different loading conditions. The sample hoof is the 
left forefoot of an 8 year old borse, which has been judged to be healthy by a professional 
veterinarian. The shoe has been taken off before scanning. 
The processing unit is connected to the computer and placed on a desk 1 .5m away from the horse. 
The transmitter is placed close enough to the borse to ensure the valid distance. The tracker is 
fixed on the horse's leg by a complaint bandage (see Fig. 3.7). 
Receiver 
Transmitter 
H t--Processinl!. unit 
Fig.3.7 Equipments connection. 
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Two loading conditions are examined: non-loaded condition in which the hoof is lifted off the 
ground (Fig. 3.8) and the loaded condition in which the left forefoot is standing on the ground 
with the right forefoot lifted off (Fig. 3.9). During the whole scanning process a professional 
farriery professional belp to restrain the movement of the horse. 
Fig_ 3_8 Scanning of left forefoot in non-loaded condition. 
Fig. 3.9 Scanning ofleft forefoot in loaded condition. 
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Fig. 3.10 Point clouds data of the left forefoot in non-loaded condition. 
" 
y 
F ig. 3.11 Points cloud data of the left forefoot in loaded condition. 
Point cloud data achieved in both non-loaded condition (model code: ChJ-3; see Fig.3 .IO ), and 
loaded condition (model code: ChJ-4; see Fig.3.1!) are examined in the package of Geomagics 
Studio. It is found that redundant data (as shown in red circle areas) and noisy data occur in both 
conditions. 
After removing the redundant and noisy data, the point cloud data are wrapped into STL surfaces, 
as shown in Fig. 3.12 (model code Ch3-5) and Fig. 3.13 (model code Ch3-6). The results show 
that surface details have begun to be picked up by the scanning, e.g., the solear surface in Fig. 
3.12 and part of hoof wall in Fig. 3.12 and Fig. 3.t3. Poor qualiiy data is shown in both 
situations, which mainly include surface details missing and ghosting (see red circle area in Fig. 
3.12 ). 
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Fig. 3.12 STL surface of the hoof capsule achieved from scanning in non-loaded condition. 
x 
Fig. 3.13 STL surface of the hoof capsule achieved from scanning in loaded condition. 
The FastScan COBRA scanner has shown potential to capture the external shape of a hoof 
capsule, but it has not achieved the desired quality for the hoof capsule from a live horse. The 
most probable reasons include: 
I) The surface condition of the boof capsule is poor. During the scanning process, the sensitivity 
of the scanner is set to a high degree to achieve a sufficient data due to the dark colour and shiny 
surface of the capsule to increase the amount of laser beam ' seen' by the camera. This high 
sensitivity however, also increases the chance to capture other objects in the environment in the 
meantime. Sucb as, the ground surface, hand and cable, etc. 
Further testing has been conducted by coating the hoof capsule white and reducing the sensitivity 
of the scanner. Tbis sbows that the redundant data has been reduced a bit, but the quality of data 
is still not adequate. 
38 
Chapter 3 Shape caplllre by lIoll-comac/techniques 
2) Limitations exist in the scanning techniques and working conditions. First of all, the 
transmitter has to be positioned very close to the target foot, as mentioned above, 30cm is the 
maximum. This makes it extremely difficult for a live horse as the required distance between the 
wand and the target foot has been restricted due to the tight space between the horse's legs and the 
transmitter. As a consequence, the wand is hard ly control led to make effective sweeps. 
Secondly, the complexi!) of the capsule shape requires many sweep to capture the whole area, 
which takes at least 30 minutes. This is found too long for a horse to be controlled without being 
sedated. Although the movements of the horse have been restricted to a minimum, slight 
movement is unavoidable and even becomes severe when the horse tries to escape from control 
after the first 10 minutes. This has put the operator into a dangerous situation and also caused 
irregular sweeps. As a result the desired quality is hard to be achieved, and even produced some 
'ghosting' in some areas when the foot moves out of the effective range. 
Hence, although the FastScan COBRA Scanner has shown some possibi lities to capture the 
external shape of a hoof capsule from a live horse, it was decided not to use it for further testing in 
this thesis. 
3.2.4 Comparisons of the three scanners 
Three kinds of 3 D scanners have been investigated to capture the shape of hoof capsule. They are 
compared in the following Table 3.1: 
Scanner information 
Scanner Roland Picza LPX- ModeoMaker X70 Fastscan Cobra 
250 scanner wilh Fa ro Arm scanner 
Technique 3D laser. 3D laser. 3D laser. 
Sweep control Automatically. Manually. Manua lly. 
Ta rget surface Not effective on dark Not effective on Not effective on dark 
condition colour and shinny dark co lour and colour and shinny 
surface. shinny surface. surface. 
Da ta type Point clouds. Point clouds Point clouds 
Designed for moving No. No. Yes. 
object 
Investigation of ~lpturillg the hoof shape 
Scanner Roland Picza LPX-250 ModeoMaker X70 Fastscan Cobra 
scanner. with Faro Arm. scanner. 
Hoof sample Cadaver foot Cadaver foot. Living horse. 
T ime consuming 10 minutes. 20-30 minutes About 30 minutes. 
Data quali ty Surface detail missing Poor quality at Poor qua lity include 
at conjunction area of grooves. surface detail 
DHW and sole. and m issing and 
Rrooves. 'RhostinR' . 
Advantages High speed and easy Full area can be Moving objects can 
operation. captured be captured. 
Limitation Full area is difficult to Can only be used Dangerous and 
be captured due to the for static objects. difficult to make 
limitation of working smooth sweeps due 
area. to tight working 
Can only be used for space. 
static objects. 
Table 3.1 Comparisons of the three scanners. 
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Roland Picza LPX-250 scanner is an automatic scanning solution in which the target object is 
rotated instead of varying the direction of the laser beam. The machine is easy to operate. 
However, it is difficult to capture complex surface detail, such as the grooves beside bars on the 
horse hoof capsule. As the sample has to be fixed into the rotation table in the unit box, it won't 
be possible to capture a hoof capsule from a live horse. Therefore, it is not recommended to 
capture the shape of hoof capsules. 
Although the ModelMaker X70 with Faro arm cannot scan a moving object, the majority of 
surface detail of the cadaver hoof capsule has been captured because the orientation of the laser 
beam can be controlled manually. The Faro arm has increased the working area greatly compared 
with the Roland Picza LPX-250. However, it is impossible to be used on a live horse currently 
unless the animal can be sedated for 20-30 minutes. 
FastScan Cobra scanner is designed to capture a static or slightly moving object in a metal free 
environment. The attempts to capture the shape of a hoof capsule from a live horse using the 
FastScan Cobra scanner shows potential to capture the shape as some surface details have been 
captured. However, data with desired quality has not been achieved due to the limitations of the 
scanner, the working conditions and surface condition of the hoof capsule. The scanning process 
is relatively complex and difficult to achieve effectively smooth sweeps, which causes some data 
to be missing, noisy data and also 'ghosting' problems. 
3.3 Protocol of 3D computer based model construction 
This part of work aims to construct 3D computer based models in different formats so that 3D 
digitized data could be used to provide geometric forms for further CAD modelling and FE 
simulations. The output of these efforts can potentially be used not only for 3D digitized data 
achieved by 3D laser scanning, but also other clinical techniques including CTand MRl scanning. 
3-3_1 Data formats 
There are several data formats related to this part of the work, which are: point cloud data, STL 
file and NURBS format. 
Point cloud data is 3D digitized data defining an object. Point cloud data can be achieved using a 
number of different technologies. In general, data can be obtained using contact methods in 
which the x, y z coordinates of predefined points on the target object are recorded by a touch 
probe, and non-contact methods in which a type of signal is reflected back from the target object 
to the measuring device and coordinates are determined through the laws defined by the device. 
In a word, point cloud data is a standard format of the original output data for many 3D digitized 
techniques including MRl, CT scanning and 3D laser scanning techniques. 
Surface tessellation language (STL) format is a format widely used for rapid prototyping (RP) and 
computer-aided manufacturing (CAM) which describes the surface geometric form of a three 
dimensional object using 2D triangular mesh. A STL format model does not contain any 
representation of colour, texture or other common CAD model attributes. Therefore this format is 
not eligible for CAD modelling operations, e.g., 'separate' into different layers, 'assemble' with 
other parts. 
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NURBS (short for non-unifonn, rational B-spline), is a mathematical model commonly used in 
computer graphics for generating and representing curves and surfaces. It is one of numerous 
industry wide used standards for CAD, CAM and computer-aided engineering (CAE). 
Point cloud data can be handled to create STL fonnat 3D models in a number of reverse 
engineering packages. The STL fonnat however is not the eligible fonnat for CAD modelling. In 
this part of the work the point cloud data of a horse hoof capsule is to be converted into STL 
fonnat 3D surface models and NURBS fonnat models so that this 3D digitized data can be used 
for CAD modelling and further FE simulations. 
Two commercial packages: Geomagics Studio and 3-matics (the review has been given in section 
2.9, manufacturers' addresses are listed in Appendix E) are used to construct STL surface and 
NURBS surface. 
3.3.2 STL surface construction 
Reverse engineering packages which can handle point cloud data and convert the point cloud data 
to STL fonnat are available from many commercial sources. In this part of work, two leading 
reverse engineering tools, Geomagics Studio and 3-matic are investigated and compared. 
Generally speaking, the STL surface construction in 3-matic and Geomagics Studio works in very 
similar ways. The basic tools to achieve the STL surface from point cloud data include: 
I) 'Sub sample' (in both packages): the point cloud will be limited to a number of points 
depending on the defined parameters in the sampler options. The amount of points will be 
reduced with a unifonn reduction. 
2) 'Reduce noise' (in both packages): the point cloud will be filtered depending on the parameters 
in the noise filter options. The filter will shift the points to a new position (a more average 
position). 
3) 'Scan registration' (in 3-matic) or 'merge point clouds' (in Geomagics Studio): which enables 
an automatic registration of different overlapping scans and the merging of two or more point 
clouds into one point cloud. 
4) 'Mesh data' (in 3-matic) or 'wrap surface' (in Geomagics Studio): this operation will generate 
the STL surface, which is a 20 triangular mesh, from the point cloud data after the previous steps. 
Fig. 3.14 is a STL surface (model code: Ch3-7) wrapped from a MRI scanning point cloud data in 
accordance with the above four steps (data provided by Li (2008)). 
Fig. 3.14 The original STL surface (model Ch3-7) of a hoof capsule wrapped from MRI point 
cloud data. 
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STL surfaces are usually required to be analyzed and repaired to achieve a desired quality. This is 
particularly important when the scanning result is not satisfactory, e.g. the STL surface in Fig. 
3.14. 
The common problems of STL surface include: unsmooth surface caused by noisy data, holes on 
the surface; bad edges; and overlapping triangles etc.. Despite both Geomagics Studio and 3-
matic baving similar tools to fix the problem, the advantage of 3-matic is that it offers diagnostics 
and automated fixing tools to provide analyses and guidelines based on the diagnostic results. 
This is particularly useful to the user who is not familiar with reverse engineering tools. 
Both packages of 3-matic and Geomagics Studio have been tested to repair the STL surface model 
Cb3-7. In general there is no apparent difference between the capabilities of the two packages (3-
matic and Geomagics Studio) in repairing the STL surface although there are some differences in 
the performance of some specific steps. For example, the most time taken step in repairing model 
Ch3-7 is 'fIX holes'. To keep maximum surface detail, sman variations need to be corrected in 
each iteration. This, of course win cost more time. When the range of holes is set up to <Imm in 
both packages, the time consumed in Geomagics Studio is 3 times more than in 3-matic. 
However Geomagics Studio is more powerful for other tools, e.g. reconstruction of a bad edge. 
The following Fig. 3.15 shows the reparation result in 3-matic. After reparation steps, the quality 
of STL surface has been improved greatly, which makes it easier for further model construction or 
FE analyses. 
Fig. 3.15 Reparation result of the hoof capsule STL surface by 3-matic (model Ch3-8). 
3.3.3 NURBS surface construction 
In this part of the work NURBS surface is converted from the STL format to achieve the 
geometric form in a standard CAD format. The packages of Geomagics Studio and 3-matics both 
provide modules to convert STL format surface into the NURBS surface. They work using a 
similar principle: the whole target surface is divided into relatively regular units which can be 
characterized by mathematical formula adopted by the package although the segmentations are 
undertaken in different ways by the two packages. The processes of converting NURBS surfaces 
from the STL surface of a borse boof capsule by the Geomagics Studio and 3-matic are presented 
as fonows: 
42 
Chapter 3 Shape capture by non-contact techniques 
Converting NURBS surface in Geomagics Studio 
The module to convert the NURBS surface in Geomagics Studio is ' Shape Phase'. The basic unjt 
is quadrangular patch. Process can be summarized as: 
I) 'Detect curvature' : the 'detect curvature' operation designates components of the model 
based on surface curvature. Tills is a pre-step for separating the whole model into panels by 
contour lines. A panel is defmed by a group of patches surrounded by a closed loop of curves. 
The purpose of designating panels is to ensure the accuracy of contour lines because all changes 
during the following steps will be enforced to occur withID the contour lines. Therefore it is 
essential to designate contour lines as the boundary of panels. In tills step the surface is 
automatically detected in terms of curvature variations. The panels can be manually selected and 
deselected in the following steps. 
Fig. 3.16 shows the initial designation detecting result by 'detect curvature' operation in the STL 
surface Ch3-8. The pink curves are the contour lines defmed automatically by the operation, 
which may be picked up manually in the following steps. It shows that the majority of the 
contour Ijnes (e.g. the contour lines to define solear surface and frog) have been identified. 
~ ContolJf lirJes defined by 
,r,iet,ect curvature' operation . 
•• 
-
Fig. 3.16 The initial detecting result by 'Detect Curvature' operation. 
2) 'Construct patches': this operation generates initial patches bonded by the black curves 
(shown in Fig. 3.17 ) within each panel detected by the first step. As shown in Fig. 3.17, initial 
patches become more close to quadrangular structure, but the boundaries of panels have been 
preserved. The boundaries of each patches could provide more reasonable choices for further 
optimjzing operations of panels. 
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Fig. 3.17 Result of 'Construction Patches' . 
3) 'Promote/constrain & edit': this operation allows re-designation of panels moving 
vertices, fixing or unflXing lines and vertices, or redistributing vertices along each patch. The 
following Fig. 3.18 showed the optimal result of creating and editing the boundaries of panels on 
the hoof capsule surface mesh. 
--
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Fig.3.18 Results of ' Promote/Constrain & Edit' patches. 
4) 'Shuffle panels' : this operation creates a more organized and effective patch layout by 
new defmed panels, as shown in the Fig. 3.19. New patches become more regular and organized. 
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Fig. 3.19 Results of re-organize patches by ' Shuffle Panels' operation. 
5) 'Construct grids and fit surface'; the ' construct grids' operation creates an ordered grid 
structure by NURBS curves within each of the patches. These grid structures are then constructed 
into NURBS surfaces by the 'fit surface' operation. Thus, the STL surface can be converted into 
a dense quadrangular patchwork, (see Fig. 3.20) and can be output as a NURBS surface. 
Fig. 3.20 Grids result after 'Construct Grids' operation. 
6) 'Exporting'; the newly constructed NURBS surface can be exported as .igs file, which is 
a standard format for CAD package. 
The exported file is detected by CAD package Unigraphics NX4 (manufacturer's address is listed 
in Appendix E). There are no gaps between different patches. The converted result is acceptable 
for the further FE simulation. 
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Converting NURBS surface in 3-matic 
The module to convert the NURBS surface in 3-matic is 'CAD link'. It works using a 'unique 
projection' theory, which requires that each point of a patch should project uniquely onto a plane. 
In other words, there must be a direction in whjch the surface does not "fold over" onto itself. To 
obtain this, the original surface needs to be segmented so that each surface of the segmentation is 
quite planar, with no fold-over. 
There are two options to convert a STL surface to a NURBS surface, via 'CAD Link' operation or 
'Automatic CAD link' operation withID the 'CAD link' module. The 'CAD link' operation 
allows control of the segmentation manually. This is suitable when the shape of target object is 
regular so that the direction of ' unjque projection' can be identified easily. 'Automatic CAD link' 
operation is an extension of the 'CAD Hnk' operation in whkb all the segmentations will be 
controlled automatically by the software. For a complex geometric form, e.g. the horse hoof 
capsule, 'Automatic CAD link' is recommended as the direction of ' unique projection ' acceptable 
by the software is too crucial to be judged by eyes. The automatic segmentation of the 
'Automatic CAD link' operation, however, could create tiny pieces of segmentations at the area 
where the curvature varies drarnatkally, such as the edge area, which will result in extended run 
times. To solve this, the segmentation of the whole hoof capsule is conducted by a combination 
of the 'CAD link' operation, in which the whole model is divided into 4 parts (the outside wall 
(blue colour), the inside wall (red colour), the inside sole (golden colour) and the outside sole 
(grey colour) as shown in Fig. 3.21 along shape edges, and the 'Automatic CAD link' operation in 
which each of these parts is segmented automatically by the computer. 
Fig.3.21 The whole hoof capsule model is divided into 4 parts by 'CAD Hnk' operatjon. 
The current version of 3-matic (version 3.01), unfortunately, is not powerful enough to handle 
complex shapes such as a hoof capsule. For example, most of the patches in the outside wall part 
(grey colour shown in Fig. 3.22 ) have transmitted successfully except for those which are judged 
to be ' too complex' shape by the software (green colour shown in Fig. 3.22) although the 
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segmentations are conducted automatically by the 'Auto CAD link' operation of the software. 
These unsuccessful patches are then subdivided into smaller pieces as recommended by the 
software but there still exist some patches which cannot be resolved even after 6 more iterations. 
These unsolvable patches will leave gaps and holes on the NURBS surface, and have to be 
repaired by CAD packages before further CAD modelling or FE simuJations. 
Fig. 3.22 The segmentation of the outside wall part 
(the green patches were those cannot be solved). 
Furthermore, it is more time consuming to convert a NURBS surface in 3-matic than in 
Geomagics Studio. For the same STL format model Ch3-8, conversion time is 5 times more in 3-
matic than that in Geomagics Studio. 
To conclude, the Geomagics Studio performs a better re-construction of NURBS surface for the 
hoof capsule data than 3-matic, in terms of surface quality and time taken. The original STL 
format model of the hoof capsule has been converted to a good quality NURBS format model, 
which can he used for further CAD modelling or FE modelling. 
3.3.4 Remeshing function of 3-matic 
The remeshiog function of 3-matic is an innovative concept, which aims to utilize an STL model 
so that it can be delivered directly to FE packages. The re-mesh operations enable quick and easy 
transformation of hadly shaped triangles, which may be fatal for FE simulations, into more 
equilateral triangles. After the desired quality of surface triangular mesh is obtained, it can be 
exported to FE packages to construct a body mesh. 
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(a) Before re-mesh Cb) After re-mesh 
Fig. 3.23 The hoof capsule STL model is re-meshed. 
Fig. 3.23 shows the re-mesh result of hoof capsule STL model with an element size of O.5Illm. 
The purpose of thjs re-meshing function is to save time in creating a NURBS surface and tracking 
back to CAD package to achieve a CAD geometric form. However some packages cannot apply 
the simulation without a CAD geometric fOO11, such as the driver of Unigraphics NX integrated 
with a Nastran solver. The type of elements is also restricted. For example, in the FE package of 
Patran, although several 3D element types are provided, only the 'wedge element' can be 
generated from the triangular surface mesh. All these factors have to be considered when 
adopting this function to provide meshes for FE simulations. 
3.4 Discussion 
Discussions are I isted below under: 
• 3D laser scanning technique 
• 3D computer based model construction 
3D laser scanning technique 
The 3D laser scanner cannot capture the internal structures of a hoof from a live horse. However, 
the hoof capsule is the component being of particular concern in this thesis and is affected by 
farriery management in the first instance, and represents the interface between the limb and the 
ground. As a consequence, the hoof capsule has become the main focus of the modelling research 
at this current stage. In Illis regard, the shape capturing of a hoof capsule rather than the internal 
structures is the main focus of the efforts reponed here. 
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Although MRI and CT scans can also provide the shape of a hoof capsule, 3D laser scanning 
technique is a relatively low cost technique comparing to MRI and CT scans. The operation of 
3D laser scanning technique does not require professional skills and anatomy knowledge, and 
could possibly be handled by farriery professionals and horse owners. All these advantages have 
offered a great opportunity for 3D laser scanning techniques in hoof modell ing research. 
The investigation of 3D laser scanning techniques has been conducted for both cadaver hoof and 
hoof from the live horses using three scanners. The majority of the shape of the cadaver hoof 
capsule has been captured by the ModelMaker X70 with Faro Arm although the grooves have not 
been captured successfully. This shows a potential of 3D laser scanning technique in capturing 
the complex shape of a hoof capsule. Unfortunately the attempts to capture the shape of a hoof 
capsule from a live horse using FastScan COBRA failed due to the limitations in the scanner and 
working conditions. Even so the 3D laser scanning technique still could be an option since it is a 
main goal of today's 3D scanner commercial market to scan a moving object. For example, the 
new generation of scanner, Handyscan 3D REVscan (Website of 3DscanCo) has adopted an 
optical tracking system for a moving object instead of the magnetic system, thus avoiding a 
transmitter. A preliminary investigation of this scanner has been given by Patel (2008), in which 
an artefact horse hoof has been scanned. This could be considered for further investigation of the 
real horse hooves. 
3D computer based model construction 
In this chapter, 3D computer based models of the horse hooves are constructed in two standard 
engineering formats: the STL format and the NURBS format. The STL format describes the 
surface geometric form of a three dimensional object. Other entities such as points, lines, curves 
and other CAD attributes are not included in a STL format. The STL format is not applicable for 
further CAD modelling construction where points, curves etc are essential. The NURBS format, 
on the other hand, contains representations of points, curves and surfaces on mathematical 
formula that can be adopted by the CAD package. Originally it was considered to generate 
NURBS format directly from 3D digitized data. However after investigations of several leading 
packages it is found that to construct an STL format and then achieve NURBS curves and 
surfaces is a better option. The first reason is that software packages which can construct NURBS 
format directly from 3D digitized data have not yet been developed which are powerful enough to 
handle complex geometric forms. For example, the package of Mimics from Materialise, which is 
famous for handling clinical 3D digitized data including MRI and CT scanning data, allows 
output as NURBS curves from point cloud data. Unfortunately it is not powerful enough when 
handling those surfaces with high complexities as it was difficult in deciding on the orientation 
and intervals of the output curves which can characterize the shapes. Besides, surface re-
constructions from the output curves may also take a long time. Secondly, STL format could 
handle 3D digitized data more easily. 3D digitized data is not always satisfactory, e.g. sharp 
edges are usually hard to be picked up by a 3D laser scanner, which may leave holes in that area. 
Even in a high quality scanning data, noisy data is usually unavoidable. Currently most of the 
unsatisfactory 3D digitized data can easily be repaired in a STL format model by a number of 
commercial computer packages including Geomagics Studio and 3-matic. Therefore, even in the 
case of the STL format is not a target format, it is adopted as a link between 3D digitized data and 
a NURBS format. 
The package of Geomagics Studio and 3-matic provide similar routines for wrapping and 
repairing STL surfaces from point cloud data. The most time consuming step in this hoof capsule 
data, the 'fix holes' takes longer in Geomagics Studio than in 3-matics. The user interface of 3-
matic is also designed to be easier for people who do not have much experience in reverse 
engineering. They are both powerful enough to handle the STL surface. Geomagics Studio 
performs better in the construction of a NURBS surface for the hoof capsule data than 3-matic, in 
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tenns of surface quality and time taken. The original STL fonnat model of the hoof capsule has 
been converted to a good quality NURBS fonnat model, which can be used for further CAD 
modelling or FE simulations. The comparison is summarized in Table 3.2. 
Geomagics Studio 3-matics 
Version 6.0 10.01 
Wrap Directly from point cloud Directly from point cloud data. data. STL Long time consuming in 'fix User friendly interface. Repair holes' operation. 
Module 'Shape Phase'. 'CAD link'. 
'Detect Curvalure'7 Initial segmentation by 'CAD 
'Construct Patches'7 link', and further 
Operations Promote/Constrain & segmentation by 'Automatic Edit' 7 'Shuffle CAD link'. 
Panels'7'Construct Grides' 
NURBS 7'Fit Surface' Good quality NURBS Takes 5 times longer than 
surface, ready for further Geomagics Studio, but still 
CAD modelling or FE exist patches cannot be 
Performance simulations. converted, which leaves gaps 
and have to be repaired 
before further CAD 
modelling or FE siniulations. 
Re-mesh No. Yes, achieves desired quality 
of surface triangular mesh. 
Table 3.2 Highlights in the comparison of Geomagics Studio and 3-matics. 
Modelling research of horse hoof has primarily been focussed on the hoof capsule. The efforts in 
constructing and converting models in standard engineering formats represented in this chapter 
have produced a link between 3D digitized techniques and engineering modelling research. It can 
be adopted to provide complex 3D shapes and confinnation infonnation for further high 
perfonnance modelling research. 
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Geomagics Studio/3-matic 
Geomagics Studio/3-matic 
'Shape Phase' module 
in Geomagics Studio 
CAD package 
RP process/ 
CAM 
Further CAD 
modelling 
'Remeshing' 
module in 3-matic 
FE 
simulations 
Fig.3.24 Recommended protocols to construct data in different formats from 3D digitized data. 
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3.5 Conclusion 
• The shape capturing from the hoof of a live horse by the FastScan COBRA scanner, 
which is designed for a moving object, has not produced satisfactory results due to the 
limitations of the scanner, the working conditions and surface condition of the hoof 
capsule. However, the successful capture of the external shape from a cadaver hoof using 
ModelMaker X70 exhibits the possibility of capturing the hoof shape by 3D scanning 
techniques. 
• 3D digitized data achieved from laser scanning has been constructed and converted into 
different standard engineering formats to fulfil the purpose of further CAD modelling and 
FE investigation. Package Geomagics Studio and 3-matic have been compared for the 
construction of an STL surface from 3D digitized data of a horse hoof capsule and a 
converting a NURBS surface from an STL surface. Both packages exhibit similar 
performances in wrapping point cloud data into STL surface and repairing STL surfaces 
to achieve a desired quality. In converting STL surface to a NURBS surface, Geomagics 
Studio performs better than 3-matics in terms of surface quality and time taken. Apart 
from these two formats, equilateral triangular surface mesh can be produced by the re-
mesh tool of 3-matic, which might become another possibility to provide mesh data for 
FE package from 3D digitized data. By considering the capability and performances of 
the two packages, protocols are recommended as shown in Fig. 3.24 to produce models in 
different formats from 3D digitized data for further CAD modelling and FE simulations 
purposes. The output from these efforts can potentially be used not only for 3D digitized 
data achieved by 3D laser scanning, but also other clinical professional techniques 
including CT and MRI scanning. 
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Chapter 4 Shape capture by contact 
technique 
4.1 Introduction 
Shape capturing of a horse hoof by 3D laser scanning techniques has been investigated in chapter 
3. Although cadaver hooves have been captured by the 3D laser scanning techniques, it exhibits 
some limitations. First of all, the working conditions for 3D laser scanner are very critical. 
Factors including the surface condition, colour, and brightness could affect scanning result. 
Redundant data could be introduced during the scanning process due to working conditions, and 
this causes significant time consumption during constructing computer based models from 
scanning data. Secondly, it is difficult to identifY the boundaries on the hoof capsule. The 
proximal limit of the capsule is the coronary band, but previous researchers adopted either the 
hairline (Hollands, 2004) or the coronary rim (Balch et al., 1995) to locate the proximal limit. 
However, neither of these can easily be recognized by current laser scanning techniques. Among 
the efforts to seek a technique which can avoid those limitations in working conditions, and 
possibly reduce difficulties in the modelling process, is the shape capture of a horse hoof by 
contact measurement. The FaroArm CMM technique is one of the options as it can capture the 
surface detail manually and will be investigated here. 
Coordinate measuring machines (CMMs) are referred as those machines that give physical 
representations of a three-dimensional rectilinear Cartesian coordinate system. The Faro Arm 
CMM investigated in this chapter is the bronze Series FaroArm (manufacturer's address is listed 
in Appendix G) from FARO Technologies, Inc (see Fig. 4.3,). The coordinate of a selected point 
on the target objects is detected and recorded by the physical contacting of a probe. In this way, 
the surface details of a target object are possible to be achieved manually in a contact way. 
The aim of this part of the work is to investigate the capability of the FaroAnn CMM technique in 
capturing the 3D geometric form of hoof capsule and establish a protocol for creating a 3D 
computer based surface of a horse hoof using the FaroArm CMM technique. 
As the hoof wall represent the major complexity of the shape, the main effort of manually 
capturing by the FaroArm CMM is focussed on the external hoof wall. 
4.2 Possibility of constructing surface in Unigraphics NX 
In Chapter 3, the NURBS surface has been constructed from point cloud data achieved by 
scanning techniques using software packages of Geomagics Studio and 3-matics. This, however, 
is not suitable when the density of points is low. Therefore, it is necessary to define a protocol for 
constructing a surface by a limited number of points in the CAD system. 
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The NURBS surface is a standard format accepted by most of the major CAD packages including 
Unigraphics NX. It is generally possible to create a NURBS surface through a series of NURBS 
curves in CAD packages via cootrol points. Particularly, the protocol for constructing a NURBS 
surface from control points in Unigraphics NX can be summarized as following: 
I. Construct control points. 
Control points can be constructed in several ways, but in this part of the work it will be provided 
by coordinates recorded using FaroArm CMM. 
2. Construct splines. 
The term spline more frequently refers to a piecewise polynomial (parametric) ourve in the 
computer science subfields of computer-aided design and computer graphics (documentation of 
Unigraphics NX 4). Tt has been adopted by the majority of CAD packages including Unigrapbics 
NX. In Unigraphics NX the term spline refers to a NURBS curve. In this thesis the term 'spline' 
is adopted to distinguish it from a regular NURBS curve, e.g. straight l.ine, arc, circle, and ellipse. 
Tt specifically referred as a free form NURBS curve. A spline can be constructed from the control 
points by uniting them based on mathematical formula used as default by the software. 
3. Surface construction from sp line groups. 
The CAD package of Unigraphics NX provides the functionality for model construction from 
splines. A solid body or a surface can be created from a group of splines, depending on the type 
of splines. A solid body can be constructed from closed splines using the boundary defined by the 
splines, and the whole model has a volume. A surface can be constructed from un closed splines. 
For example, the circle can create a column while an arc can only create a bended surface when 
they both are extruded into the z direction ( Fig. 4.1). 
O .fJ 
Fig. 4.1 Solid body and NURBS surface constructed from different type of splines. 
This function requires that the series of splines have similarities in both oriental ions and lengths. 
Too great differences between splines could resuJt in an unsatisfactory surface or even cause 
errors when constructing a solid body or a surface. For example, a twist surface could result from 
using mixed splines of closed and unclosed splines (see Fig. 4.2). On the other hand, errors could 
occur when the difference in lengths between two splines are greater than the capability of the 
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software. Alternative approaches have to be considered in that case, e.g. apply more splines 
between existed splines to reduce the difference. 
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Fig. 4.2 Surface model constructed rrom different type of splines. 
In conclusion, it is possible to construct a surface rrom a series of splines with similar orientations 
and gradually varied lengths. In the next sections, preliminary investigations will be conducted 
using computer based models and rapid prototyping (RP) models to decide the approach in 
applying splines and selecting control points so that a horse hoof wall surface can be constructed 
in the package of Unigraphics NX. 
55 
Chapter -I Shape caplllre by comacttechnique 
4.3 Investigation of FaroArm CMM 
4.3.1 Workflow of Faro Arm CMM 
The bronze Series FaroArm CMM (Fig. 4.3) from FARO Technologies, lnc. used in this 
investigation is a contact detecting device. The surface details of objects are detected by the 
physical contacting of a probe. It has a multiple axis articulated arm with a spherical working 
volume. Each joint of the device has a rotary transducer. The signals from these transducers are 
sent to the controller unit to calculate the coordinates of the objects. The coordinate information 
of a selected point on the surface of the object can be recorded in this manner. A CAD package 
named Anthro CAM is integrated with the instrument for visualization and calculation purpose. 
Fig. 4.3 The bronze Series FaroArm CMM from FARO Technologies, Inc. 
The coordinate system has to be defined before any measurement can be taken. In this work a '3-
2-llIine-line intersections' option is adopted in which a plane is firstly defined by measuring three 
points on one flat surface. This plane is then defined as the xy plane in the coordinate system. 
The vertical direction from this plane is defined as the direction ofz axis. The directions ofx axis 
and y axis are defined by measuring two perpendicular lines which are on or parallel with the xy 
plane. The intersection point of their projection lines on the previous defined xy plane is defined 
as the origin. Thus, the coordinate systems are defined by defining the origin and the directions of 
three axis and all coordinates measured from the surface of a target object are recorded within this 
coordinate system. 
Two kinds of probes are provided in the FaroArm CMM investigated in this chapter : a point 
probe which contacting object surface with a sharp needle and a ball probe, which is a sma.ll ball 
with diameter of 3mm. Two point options are provided in accordance with the probes: ' with 
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compensation point' or 'without compensation point'. The evaluation of the different probes and 
point options in capturing a horse hoof will be presented in section 4.6. 
The workflow of capturing control points using tbe FaroArm CMM is summarized as follows: 
I ) Connecting the computer and process unit; 
2 ) Open the computer and process unit, and stan program of Anthro CAM; 
3 ) Set up the probe : Device7probe; • 
4 ) Measure a plane: Plane73 points; . 
5) Measure 2 lines: 2D7choose the previous plane and confirm it, then measure 2 
points, confirm it. That is one line. Repeat it to get the other line. 
6) Set up the coordinates system: Alignment7 3-2-11 Line-line intersections, then 
choose the plane and the two lines. confirm it. 
7) Capture control points by contacting the desired surface detail with a probe; 
8) Output coordinates data; 
4.3.2 Holding fIXture design 
The bronze Series FaroArm CMM is designed to make measurements from static objects. While 
the measurements are taken, the target object should be fixed securely . Thus, a holding fixture 
has been designed to fix the hoof sample. 
The holding fixture consists of a hard plastic base and four long screws. The angle and length of 
the screws is calculated to adapt to the different samples sizes. from 60 mm in diameter to 
200mm. A central line and perpendicular lines at I cm intervals are engraved on the base plate to 
position the sample (Fig. 4.4). This fixture can also be used to define the coordinate system: the 
base surface can be measured to define the xy plane. and two vertical edges, whjch are 
perpendicular, can be measured to defme the direction of x axis and y axis respectively. When 
detecting the surface detail of a horse hoof sample, the sample is positioned using the lines and 
fixed by screws. 
Fig. 4.4 The holding fIXture for hoof sample. 
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4.4 Applying splines 
It is possible to construct the NURBS surface from splines. The number, and orientation, of 
splines used will depend on !he curvature of the target surface. The purpose of this investigation 
is to decide how to apply splines so that a hoof wall surface can be constructed from those splines. 
4.4.1 Methodology 
The primary considerations when applying splines is that the splines are able to capture the 
surface detail of a hoof wall. They are required to be gradually varied in orientations and lengths 
and cover the whole area of a hoof wall surface. Control points required by splines are possible to 
be specified from !he real hoof wall. Three methods of using splines are tested and compared,: 
horizontal spline method: tubular spline method, and olltline spline method . 
The horizontal spline method constructs the surface of the hoof wall by splines parallel with the 
solear surface (see Fig. 4.5). The control points required for spline construction are able to be 
specified from the cadaver hoof wall using the simple tool of ruler and string because the control 
poinrs on one same spline should have same height from the ground surface. 
Horizonta spl ine 
Fig. 4.5 Horizontal spline method. 
The tubular spline method is to apply splines along the direction of hoof wall tubules between CB 
(coronary band) CB and BB (bearing border) as shown in Fig. 4.6). The directions of hoof wall 
tubules are identifiable by sight for a real hoof wall, and therefore control points along tubules can 
be easily marked on the hoof wall surface along the direction of hoof tubules. 
Spline along hoof wall tubules 
Fig. 4.6 Tubular spline method. 
Considering the importance of CB and BB outlines, the outline spline method is to apply splines 
using the CB and BB outlines and similar outlines on the hoof wall between the CB and BB (see 
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Fig 4.7). This is achieved from the real hoof wall by measuring and dividing the lengths at 
specific positions between CB and BB along hoofwall tubules. 
Hoof wall outline splines "\";F=----__ 
, 
Fig. 4.7 Outline spline method. 
Investigation of the spline methods using a CAD surface model 
The three spline methods discussed are to be tested by : 
I: Generating splines from surface model Ch4-1 
2: Using the splines to generate another surface model and compare this model to the source 
model Ch4-J 
The investigation of different spline methods is conducted by a CAD surface model achieved 
from 3D scanning technique following protocols described in chapter 3. The CB of the hoof wall 
has not been identified by the 3D laser scanner. Therefore, the surface is trimmed using an 
estimate proximal limit to represent the CB, as shown in Fig. 4.8 (d) (model code: Ch4-1). 
The surface of BB is defined as the xy plane and the direction from distal to proximal aspect 
along the perpendicular line ofxy plane is defmed as the direction of the z axis (see Fig. 4.8). 
(a) original point cloud data «b) STL surface (by Geomagics Studio 6) 
(c) NURBS surface( by Geomagics Studio) (d) trim the proximal limit to represent CB 
Fig. 4.8 The construction of CAD surface model Ch4-J from 3D laser scanning data. 
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• Horizontal spline method 
Horizontal splines are achieved by applying horizontal section lines on the surface model of the 
hoofwaJl at intervals of3mm in the z direction. ---
• Tubular spline method 
The directions of tubules are not visible on the surface achieved ITom scanning. Therefore instead 
of applying splines along tubules, section lines are applied between CB and BB by adopting 
intersection lines of a series of planes, perpendicular to the lC'f plane, intersect with the hoof wall 
surface. In thjs way, all splines could be assigned between CB and BB, and can be generated if 
aligned with tubules along the hoof wall . 
• Outline spline method 
Five outlines are achieved from the original surface: the CB and BB outlines achieved from the 
edges of the original surface model, and between the CB and BB outlines, section lines are 
applied so that the hoof wall lengths at dorsal hoof wall, lateral heel (LH) and medial heel (MH) 
are divided into four equal sections. 
4.4.2 Results 
Horizontal spline method 
New CAD surface model (model code: Ch4-2) is created from horizontal spline method as shown 
in Fig. 4.9. 
1" 
Fig. 4.9 The NURBS surface created from horizontal spline method. 
The CAD surface model Ch4-2 has no apparent <lifference on the surface detail between CB and 
BB outlines compared with the original surface model (code: Ch4-1 ). However, with the 
horizontal spline method it is difficult to handle the CB outlines due to the dramatically inclined 
curvature of CB. The length of horizontal splines varies dramatically with the height increasing, 
even becoming close to one point at the dorsal hoof wall. This variation is beyond the capability 
of the CAD package. Although an alternative procedure could be taken by applying splines 
trimming backward of the hairline and then trim the NURBS surface to achieve the outline of CB. 
this method is not easy to use in generating the outline of CB precisely. 
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Tubular splioe method 
The CAD surface created from the tubular spline method (model code: Ch4-3) is shown in Fig. 
4.10. 
z 
xLv 
Fig. 4.10 The NURBS surface created from tubular spline method. 
The surface detail between CB and BB outlines has been captured successfully. The CAD surface 
model Ch4-3 is also shown to perform better in capturing the outline of CB than model Ch4-2, 
which is constructed from the horizontal spline method. However, the quality of CB and BB 
outlines in Ch4-3 are not satisfactoty compared with the original surface model Ch4-1. The most 
likely reason is that the outline of CB or BB is not directly achieved from one spline. The 
software has been designed to ensure the accuracy of the surface details where splines are app lied. 
As a consequence, the detail of the other area (between splines) on the surface could be 
compromised. Since the CB and BB outlines are not directly constructed from splines, it is 
difficult to ensure their quality. 
Outline spline method 
CAD surface model created form outline spline method (Ch4-4) is shown in Fig. 4. 11 . 
z z 
Fig. 4.11 The NURBS surface created from outline spline method. 
CAD surface model Ch4-4 exhibits good representations on the detail of CB and BB outlines. 
The surface detail between CB and BB outlines achieved from three additional splines between 
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CB and BB has also shown a satisfying result. There is no apparent difference compared with the 
original surface model CM ... I . 
Evaluation of spline methods 
The comparisons of these three spline apply approaches are listed in the following Table 4 .1. 
--------
Horizontal splillc Tubular spline lIoof wall outlines 
method method spline method 
Spline included in this > 10 >80 5 
investieation 
CB outline Cannot capture CB Can capture CB Good quality. 
outline. outli ne, but poor 
quality. 
BB outline Good quality . Poor quality Good quality. 
Hoofwall surface No apparent No apparent difference. No apparent difference. 
between CB and BB difference. 
outlines 
Table 4.1 Comparison of CAD modelling methods to construct the hoofwall. 
All the three spline applicatjon methods have achieved most of the surface details successfu lly. 
However, the horizontal spline method has not captured the CB outline successfully. Although 
the other two methods have captured the CB and BB outlines, the quality is poor in the tubular 
spline metllOd because these outlines are not directly derived via splines. 
As the surface construction using splines has been designed to ensure the accuracy on the position 
of splines, surface details between splines cou ld be compromised. Therefore the amount of 
splines has to be considered depending on the complexity the surface detai ls. The above three 
new surfaces created using different spline application methods do not exhibit apparent 
differences in the surface details between CB and BB outlines. However, only 5 sp lines have 
been adopted in the outline spline method while more than 80 splines are used in the tubular 
spline method. Although the amount of splines has been decreased to about 20 in a second 
attempt, this method still requires more splines due to the curvature variations from dorsal hoof 
wall to caudal hoof wall, which requires more time in model construction. 
Considering the quality of CB and BB outlines, the surface details between these two outlines, 
and a lso the time consumption in modelling work, the outline spline method is adopted. 
4.5 Deciding control points 
Surface models of the hoof wall, constructed from different spline methods, have been compared 
in section 4.4 and the outline spline method is adopted here. The purpose of this investigation is 
to decide control points so that splines can be constructed tluough points captured from the 
external surface of a hoof wall, and subsequently the surface model could be constructed from the 
splines. 
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The investigation is conducted using two representative geometric forms of hooves, a horse hoof 
and a donkey hoof. A donkey hoof contains similar factors of solear surface, and inclinations in 
spatial space as a horse hoof. However, a donkey hoof has a different shape compared with a 
horse hoof: the solear surface of a donkey hoof is usually straighter while the solear surface of a 
horse hoof has a more circular shape, and the hoof wall inclinations are more upright in a donkey 
hoof than a horse hoof. The comparison of capturing these two different shapes, however, will 
improve the understanding on the control point's selection approach when dealing with different 
the curvature of the solear shape and the different inclinations of hoof wall angles. 
Two CAD models for a representative horse hoof and donkey hoof were provided by co-work 
with other researchers (Hudson, 2006; Sheiton, 2006). The model codes are Ch4-S (see Fig. 4.12) 
and Ch4-6 ( Fig. 4.13) respectively. The key parameter values are listed in Table 4.2 and Table 
4.3 respectively. The two CAD models are then produced by the RP approach (model code: Ch4-
7 and Ch4-8). 
Parameter Value 
DHWA 68.6 0 
DHWL 61.9 mm 
HA 68.S 0 
HL 37.3 mm 
WHW 79.8 mm 
CD 8S.0mm 
LHWA 90 0 
MHWA 90 0 
Table 4.2 Values of key parameters for the representatIve donkey hoof geometrIc form. 
Parameter Value 
DHWA 4S.S 0 
DHWL 92.7 mm 
HA 77.20 
HL 31.3 mm 
WHW 133.0 mm 
CD 143.6 mm 
LHWA 74.10 
MHWA 74.10 
Table 4.3 Values of key parameters for the representative horse hoofgeometflc form . 
• 
. L, 
Fig. 4.12 Geometric form of a donkey hoof (model code:Ch4-5). 
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. 
. L. 
Fig. 4.13 Geometric form of a horse hoof (model code:Ch4-6). 
4.5.1 Methodology 
The outline spline method is used here in accordance with section 4.4. Five outline splines are 
used: they are the CB and BB outlines, and three other outlines are adopted between them. , It is 
decided that control points are firstly marked on the BB outline. This is done by positioning the 
RP model on the graph paper with the point of lateral heel at BB level (PLHB) and the point of 
medial heel at BB level (PMHB) assigned on the x axis previously established on the graph paper. 
The outer aspect of the BB is carefully traced from PLHB to PMHB. The RP model is then 
removed from the graph paper and a series of linear measurements are determined as follows: 
A control line (see line I in Fig. 4.14 ) which is parallel to the x axis is drawn through the most 
cranial aspect of the dorsal hoof wall at BB level (PDHWB). The perpendicular line is drawn 
through the intersection point of Line I and the trace line of the BB outline to achieve the 
maximum linear distance from the dorsal aspect to the straight line through PLHB and PMHB. 
This perpendicular line is defmed as the y axis, and the maximum linear distance from the dorsal 
hoof wall to the straight line through PLHB and PMHB is defmed as the capsule depth (CD). 
Reference sites are recorded along the y axis, in terms of tbe percentage of CD. The control 
points are marked on the trace line of BB outline us ing these reference sites, both medially and 
laterally. Two sets of reference sites are compared: every 25% CD and every 10% CD. 
PDHWB Line I 
PM 
Fig. 4.14 The definition of x, y axis and capsule depth for the BB orthe RP horse model. 
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The hoof model is repositioned on the graph paper and the intercepts of the control points are 
marked on the hoof wall at the level of BB. Subsequently, control lines are engraved on the 
dorsal aspect of the hoof wall along the tubule between CB and BB using a ruler. The original 
plan. for the inclinations of these control lines is to be along the tubular axis. However this is not 
identifiable for the RP models. Therefore, they are assumed to be the same as the hoof wall angle 
at O%CD when viewed from lateral or medial side. Control points are marked on the hoof wall at 
the level of CB for each of the control lines. The length of the control lines are measured by a 
calliper and a divider, and divided into 4 equal parts to achieve the other three control points 
between CB and BB. 
In the manner described above, control points are marked on the hoof model at different levels of 
the hoof wall, from the most caudal aspect of the lateral heel to the most caudal aspect of the 
medial heel (Fig. 4.15). 
z 
L, 
x 
Fig. 4.15 Control points marked on the hoof wall surface 
using every 25% CD reference sites system. 
The RP hoof model is positioned on the fixture described in section 4.3.2 by three points: the 
control point on the O%CD at the level of BB is assigned on the central axis of the fixture, and the 
control points on the 100%CD at the level of BB are assigned on one of the perpendicular lines. 
It is then fixed by the four screws. The coordinates of all the marked control points on the hoof 
model surface are captured and recorded by FaroArm CMM. Five splines are constructed from 
the control points in Unigraphics NX4, and new surfaces are created from the splines. 
4.5.2 Results 
Newly created surfaces are superimposed on the original hoof model by superimposing the xy 
plane and three points on the xy plane: the point at O%CD, and the two points of 100%CD. 
The superimposing result of the surface model (model code: Ch4-9) created using every 25%CD 
reference sites system with the original CAD model Ch4-5 (representative donkey hoof) is shown 
in Fig. 4.16. CAD surface model Ch4-9 exhibits a great match with the external surface of the 
hoof wall of Ch4-5. The created surface for the donkey hoof using every lO%CD reference sites 
system shows better agreements. 
The result of the surface model (model code: Ch4-10) created using every 25%CD reference sites 
system with the original CAD model Ch4-6 (representative horse hoof) is shown in Fig. 4.17. 
CAD surface model Ch4-1 0 exhibits good agreements with the original model Ch4-6 at the dorsal 
hoof wall. However, the hoof wall between approximately 25%CD-75%CD of the new surface, 
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both laterally and medially, shows slightly variations with the original model. The disagreement 
become greater at the caudal part of the hoof wall, approximately between 75%CD- I OO%CD, 
both laterally and medially. 
The result of the surface model (model code: Ch4- I 0) created using every 10%CD reference sites 
system with the original CAD model Ch4-6 (representative horse hoof) is shown in Fig. 4. I 8. In 
the surface created using every 10%CD reference sites system, the disagreement in the hoof wall 
approximately between 25%CD-75%CD has been reduced both laterally and medially. The 
disagreement at the caudal part of the hoof wall, however, is still evident. 
For both donkey hoof and horse hoof, the inclinations have been captured successfully by five 
splines between the BB and CB. 
• 
.L, , 
Fig. 4.16 The comparison of the source model Ch4-5 (in green) and re-constructed model Ch4-9 
(in blue using 25%CD reference site system). 
z 
.LY 
Y 
Fig. 4.17 The comparison of source model Ch4-6 (in green) and re-constructed model Ch4-l 0 (in 
blue using 25%CD reference site system ). 
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,L, 
Fig. 4.18 The comparison of source model Ch4-6 (in green) and re-constructed model Ch4-11 
(in blue using 10% CD reference site system). 
The modelling results of the donkey hoof and horse hoof indicate that using every 25%CD 
reference sites system is reasonable for a donkey hoof, whose curvature does not vary 
dramatically along CD. For the horse hoof, however, the surface constructed using every 25%CD 
reference site shows a slight flare away at lateral and medial aspect of the hoof wall, and 
significant difference at caudal aspect of the wall. The surface created using every 10%CD 
reference site system has achieved a satisfying result for most areas of the wall compared to the 
surface created using every 25%CD reference sites system, but still has not captured the caudal 
hoof wall successfully. Therefore, a further testing is conducted by including one more reference 
site intentionally between 90%CD and lOO%CD as the position showing the maximum variation 
in curvature. 
The result of the surface model created using every 25%CD reference sites system and one more 
reference site at caudal hoof wall (model code: Ch4-l2) with the original CAD model Ch4-6 
(representative horse hoof ) is shown in Fig. 4.19. 
• 
.L , 
Fig. 4.19 The comparison of source model Ch4-6 ( in green) and re-constructed model Ch4-1 2 (in 
blue using modified 25% CD reference site system). 
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The result of the surface model created using every 10%CD reference sites system and one more 
reference site at caudal hoof waJl (model code: Ch4-13) with the original CAD model Ch4-6 
(representative borse hoof) is shnwn in Fig. 4.20. 
, 
.L, 
Fig. 4.20 The comparison of source model Ch4-6 (in green) and re-constructed model Ch4-13 (in 
blue using modified 10% CD reference site system). 
New modelling results indicate improvements at the caudal hoof wall by intentionally including 
reference sites for both surfaces using every 25%CD reference sites system and every 10%CD 
reference sites system (see Fig. 4.19 and Fig. 4.20). The variation at the wall between 25%-75% 
when using every 25%CD reference sites system (see Fig. 4.19) have not been improved by the 
new added reference site at the caudal hoof wall 
The testing using different reference sites system indicate that the reference sites, which are used 
to achieve the control points, should be decided depending on the curvature of the hoof shape. 
The reference sites system of every 25%CD was more successfuJly in the donkey hoof modelling 
than the horse hoof due to the different curvature in BB. The modelling of the horse hoof using 
every 10%CD shows satisfactory capturing in most areas of the boof wall, but the caudal hoof 
wall has not been captured successfully until the additional reference sites are included. 
Considering the differences between different hooves, it is hard to define a standard reference 
sites system for all the hooves. Therefore, the reference sites system of every 10%CD will be 
adopted for horse hooves, but additional reference sites especially at the caudal hoof wall will be 
considered for each particu lar hoof in the real horse hoof testing. 
4.6 Different probes 
As mentioned in section 4.3.1 , two kinds of probes are available in FaroArm CMM. Point probe 
contacts the object surface with a sharp needle. Ball probe on the other hand, contacts the object 
surface with a ball with a diameter of 3mm. According to the probes, there are two options for 
capturing points: ' with compensation point' and 'without compensation point'. For a ball probe, 
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the 'without compensation point' option will provide the coordinates of target points recorded 
directly by the device. The coordinates, of course are not the real coordinates due to the diameter 
of the ball probe. The 'with compensation point' option attempts to calculate the real coordinates 
of the target points with the coordinates detected by the device and the diameter of the ball probe 
by the software. For a point probe, the corresponding point option could be either 'with 
compensation' or 'without compensation' point because the diameter is regarded as 0 mm. All 
the previous investigations using RP models the point probe and the 'without compensation point' 
option have been adopted. The testing on a real horse hoof, however, should consider the 
different surface conditions. The horny insensitive hoof capsule could use two probes; however, 
the proximal limitation oftbe hoof wall may require a ball probe because it is very close to a soft 
sensitive area. Therefore the purpose of this part of the work is to evaluate the two probes and 
corresponding reference point options for the further testing of real horse hooves. 
The investigation is conducted using the representative RP donkey model (model Ch4-?). The 
outline spline method with five splines is adopted in accordance with section 4.4, and the every 
25%CD reference sites system is adopted for the purpose of this investigation. 
The modelling result using ball probe and 'with compensation point' option is shown in Fig. 4.21 
(model code: Ch4-14). 
, 
Fig. 4.21 CAD surface model (Ch4-14) created using baH probe 
and 'with compensation' point option. 
The surface created using the ball probe and the 'with compensation point' option does not show 
a satisfactory modelling result. The surface contains budges and twists. This could be a result of 
tbe conflicts between different CAD packages in calculating tlle compensation (Anthro CAM 
integrated with FaroArm CMM) and modelling the surface (Unigraphics NX4). The system 
errors in calculating the compensation at each control point within the tolerance of Anthro CAM 
could be fatal for the model construction in Unigrapbics NX4. 
Alternatively, the compensation can also be achieved in Unigraphics NX4, which could reduce 
the errors caused by the differences of the two CAD packages. The Fig. 4.22 shows the CAD 
surface model created from control points captured using ball probe and 'without compensation 
point' option (model code: Ch4-15) and the offset result in Unigraphics NX4. The original 
surface, which is shown in a transparent blue colour, is offset inwards by 1.5mm to achieve the 
compensation of the ball probe. The new surface after the offset operation shows a much 
improved agreement with the original donkey hoof model. Therefore. the 'without compensation 
point' option and compensation by the surface construction CAD package is a reasonable choice 
for the ball probe. 
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Fig. 4.22 CAD surface model created using ball probe and 'without compensation point' option 
(the transparent surface is the original surface created from control points captured by CMM, and 
the so lid surface inside is the surface achieved by CAD package ). 
4.7 Protocol of data capturing from a real horse boof 
The previous section has investigated the approach of constructing a 3D computer based horse 
hoof surface by CAD package of Unigraphics NX4 using data collected by tbe device of FaroArm 
CMM. The spline apply approach and the control point selection approach required by the model 
construction of a horse hoof have been investigated using CAD solid models and RP models for 
representative donkey boof and horse hoof. The purpose of this part of the work is to deliver all 
the previous efforts to a testing protocol on a real hoof. Ten horse hooves are selected for this 
investigation. They are left forefeet of randomly selected horses from an abattoir. All the hooves 
have complete shapes without missing sections or cracks on the wall. They were cut from the 
fetlock joint immediately after being slaughtered and stored in a freezer at the temperature of -4 
'C before testing. The shoes have been removed before storage. 
The protocol of data capturing from a real horse hoof is summarised as following: 
• Prepare hoof cadaver 
After the hoof cadaver is removed from the freezer, the capsule surface is cleaned by water, and 
dried by paper towel. 
• Marking points of PLHB and PMHB on hoof wall 
The points of PLHB and PMHB will define the direction of the x axis. The two points are 
emphasized by permanent pen so that they can easily be identified when positioned on the graph 
paper. 
• Tracing BB outlines on graph paper 
Position the horse hoof sample on the graph paper with PLHB and PMHB assigned on the x axis 
previously established on the graph paper. The BB outline of the hoof wall is traced carefully on 
the graph paper from PLHB to PMHB. 
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• Marking reference sites on graph paper 
An initial control line which is parallel with the x axis is drawn via the most dorsal aspect of the 
BB sketch on the graph paper, (the PDHWB, in accordance with section 4.5.1). The y axis is 
established through the PDHWB. The linear distance between Ule PDHWB and straight line 
through the PLHB and PMHB is defined as CD (see Fig. 4.14). A series of reference 
measurements are then made along the y axis at every IO%CD between O%CD and IOO%CD and 
reference points are marked on the BB sketch, both medially and laterally. 
Besides those reference sites of every IO%CD, other reference points which are particularly 
important to characterize the shape factors required for further investigation, e.g., tbe reference 
points to define widest hoof width (WHW), are also marked on the BB sketch at this stage. The 
defmitions of those reference points will be given when characterizing the shape of Ule horse hoof 
in Chapter 5. 
• Marking control points on the hoof wall 
The hoof sample is superimposed on the BB sketch on the graph paper. Control points are 
marked on the BB of the hoof wall to superimpose with reference points on the BB sketch. 
• Recording the coordinates of control points by FaroArm CMM 
The hoof sample is fixed on the holding fixture by positioning the control point on O%CD on the 
central line of the fixture, and the two control points on IOO%CD on one of the perpendicular 
lines. The fixture is stabled by magnetic columns on the metal metrology table. The control 
points marked on the hoof wall surface are recorded by the FaroArm CMM, as shown in Fig. 4.23 
in accordance with the workflow described in section 4.3.1. The point probe is adopted for the 
testing. 
Fig. 4.23 Capturing the control points by FaroArm CMM. 
• Data import to Unigraphics NX4 
The data captured by F aroArm CMM is saved as .dat file. There are two options to import data 
into Unigraphics. The first method is a direct method, in which points could be created by 
inputting the coordinates one by one. This, however, is a time consuming method especially 
when the amount of points are large. The second method is an indirect method in which the point 
data are primarily used to create splines by 'insert 7 curve 7 spline 7 by poles 7 points from 
files', and then traced back by 'Insert 7 point set 7 spline poles'. In Ulis way, all the points can 
be imported in one go. 
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• Model construction of the hoof wall 
Model construction of the hoof wall follows the order of 'construct splines from control points' 
and 'construct surface through spline groups'. 
4.8 Discussion 
Discussions are listed below under: 
• The device of FaroArm CMM 
• Model construction 
• Data capturing for a real horse hoof 
The device of FaroArm CMM 
Although the FaroArm CMM enables measurements to be made, including the linear distance 
between two points, angular measurements, and radius of circles etc. directly from a target 
surface, in this part of the work it is used to record control points on the surface of the hoof wall 
so that the surface could be constructed later by the CAD package. The main reason for this is 
that the capsule of the horse hoof has a very complex free formed shape. Literature has shown 
that reference points chosen have varied between different researchers. Difficulties exist in 
establishing lengths and angles by current methods of direct measurement and use of 
photographic techniques (see section 2.7). In any case, some measurements have been identified 
in this work that is important for parametric shape modelling purposes which have not been 
important to farriers and veterinaries. An example of such measurements is the inclinations in the 
medio-Iateral direction of the hoof wall at each reference site. These measurements, 
unfortunately, cannot be defined easily from a real horse hoof by current methods. Therefore, the 
FaroArm CMM is adopted aiming to achieve a 3D CAD surface model so that the measurements 
can be established by computer analysing tools. 
The FaroArm CMM has been used in this chapter to capture the surface detail of the target object 
by physical contact. This is the main difference compared with the non-contact method adopted 
by 3D laser scanning technique investigated in Chapter3. One of the advantages of this physical 
contact is that the requirement for surface condition is not as critical as that for 3D laser scanning 
technique. Many factors such as the colour, smoothness and even brightness can affect the results 
from laser scanning. These effects are avoided by the physical contact of the FaroArm CMM 
method. 
On the other hand, the FaroArm CMM has obvious limitations in the working conditions. First of 
all, this device can only capture a static object, and thus, cannot be used to measure a live animal 
unless the animal could be sedated for a period. Secondly, the size of the three arms has restricted 
the working area so that more considerations have to be given to the working environment, e.g. 
the size of the object has to be considered as well as the position. In these regards, even if a horse 
is sedated, it will be very difficult to capture the caudal hoof wall in a standing stance. 
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Model construction 
As the FaroAnn CMM adopts a manual data capturing method, the density of points recorded by 
CMM is not large enough for automatically wrapping tools provided by software packages 
including Geomagics Studio and 3-matics. Therefore, the hoof wall surface has to be modelled 
manually from control points captured from CMM. In this chapter the surface of the hoof wall is 
constructed in CAD packages using splines which could define the boundary of the surface. The 
FaroAnn CMM is used to capture control points to fonn those splines. 
Three spline methods have been compared focusing on the accurate representation of the BB and 
CB outlines, and the surface detail between them. One method, the outline spline method, has 
been shown to provide successful representation of the CB and BB outlines, and the surface detail 
between them using five splines. Basically it is decided to adopt five splines for further testing on 
the real horse hooves, but more considerations should be given in extreme cases, e.g. in those feet 
whose wall has been flared away significantly and produce a severe curvature change. 
Data capturing for a real horse hoof 
The protocol for data capture from a real horse hoof will take the following order: capture 
control point by the device of FaroAnn CMM -7 construct splines from control points -7 
construct hoof wall surface from spl ines. 
The CD parameter is key parameter to defining reference sites. This parameter is also used by 
other researchers including Newlyn et al. (1998). The point used to define CD at the dorsal 
aspect of BB is also used to define shape factors including DHW A and DHWL. Basically this 
parameter is defined as the linear distance from one certain point at the dorsal aspect of the BB to 
the straight line through PLHB and PMHB. This certain point, however, varies between different 
researchers, as described in section 2.7.1. Most previous definitions have to rely on the heel 
bulbs (as adopted by Newlyn et al. (1998), Hollands (2004)) or frog (Ovnicek et al. (1995) and 
Roland et al.,(2003)). Hollands (2004) has tested different techniques by different hooves, and 
decided to adopt the most forward point on the dorsal wall, at which the midsagittal line through 
the sole from the middle of the heel bulbs meet the dorsal hoof wall. In this thesis this definition 
has been tested on different horse hooves. It has been found that although this definition is 
repeatable, it could cause the loss of some part of surface detail in some hooves in the 
construction of the BB outline as the point decided by the heel bulbs might not be the furthest 
point to define the parameter of CD (see Fig. 4.24). This could result in missing the surface detail 
of the most furthest point of the dorsal aspect in surface construction. Therefore in this thesis, CD 
is defined to seek the maximum linear distance from the dorsal aspect of the BB to the straight 
line through the PLHB and PMHB to ensure all the details of the BB outline are taken into 
account when defining reference sites. 
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The point whicb has the ma,ximum 
linear distance to the straight line PMHB 
and PLHB on BB. adopted in this thesis. 
Fig. 4.24 The bases for defming CD used in this thesis. 
The surface construction of a horse hoof wall adopts 5 splines. The control points to construct the 
splines are achieved by dividing the hoof wall length between CB and BB into 4 equal sections at 
each reference site. This can be easily identified in the RP models because the geometric form 
has been simplified to be straight between CB and BB. When this approach is delivered to the 
real hoof testing, it becomes more difficult due to the curvature variation from proximal to distal. 
However, the surface constructed using control points achieved by dividing the linear distance 
between BB and CB at each reference site does not show apparent difference when compared 
with the original hoof by sight. The linear distance can be determined more easily using a calliper 
and a divider. 
The protocol has only considered those horse hooves whose shape are complete, without cracking 
on the dorsal hoof wall and BB. When tbis protocol is used to deal with those hooves containing 
cracks for some part of the wall, more considerations should be given to repair the missing part. 
This has not been attempted here because each of the hoof with cracks has to be considered 
separately. 
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Fig. 4.25 Procedure for the construction of a hoof wall surface model of a real horse hoof cadaver by FaroArm CMM method. 
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4.9 Conclusion 
In this chapter a protocol for constructing the hoof wall surface via control points captured 
from the hoof wall surface by FaroArm CMM has been established. 
The device of FaroArm CMM has been investigated to capture the surface detail of a horse 
hoof. The procedure has been given and a fixture has been designed to fix the hoof sample. 
Control points selected from the hoof wall surface can be recorded in terms of coordinates by 
FaroArm CMM. This device is adopted for the testing of cadaver hooves and control points 
are used to create splines from which the surface is generated. Three different spline methods 
are compared. Considering the quality of BB and CB outlines and the surface detail between 
them, and also the time used for model construction, it was decided to adopt the outline spline 
method in which splines are applied on the BB and CB outlines, and the hoof wall between 
them. 
Selection of control points for measurements (by faro arm CMM) is based on reference sites 
system of every IO%CD as this is shown to perform well in capturing most areas of the hoof 
wall except the caudal wall for the representative horse hoof. Therefore between the 
reference site of 90%CD and 100%CD additional reference site is included intentionally to 
capture the dramatic varied curvature in this region. 
The protocol of testing on the cadaver hooves has been established after deciding the 
approach to apply splines and selecting control points. This protocol was successfully tested 
on 10 cadaver hooves. 
The procedure of surface construction from data captured by FaroArm CMM for a real horse 
hoof is showed in the Fig. 4.25. 
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Chapter 5 Characterization and parametric 
modelling 
5.1 Introduction 
The shape of the hoof capsule is believed to be important in achieving the optimal force 
distribution (i.e. balance) within the foot. The external shape of the hoof wall is altered by 
farriers. However, there has never been an agreed 'ideal hoof shape' due to poor understanding of 
how the shape factors affect the biomechanical function for hoof balance. The effects of major 
shape factors involved in current hoof management techniques will be investigated using FE 
simulations as part of this thesis. Therefore a series of CAD geometric forms are required for 
further FE investigation. 
3D digitized techniques have been investigated to capture the 3D free formed shape of the hoof 
wall and is reported in earlier chapters. Protocols have also been presented to construct computer 
based models from captured data to fulfil further CAD modelling or FE simulations. Among 
these 3D digitized techniques, MRI and CT scanning techniques have the potential to provide 
internal geometric information, while the 3D laser scanning techniques and FaroArm CMM can 
be used to capture the external shape of a hoof wall. this thesis is focussed on external shape 
capture and modelling as this is easily accessible to farriers and horse owners. As a result it is 
necessary to construct CAD geometric forms for a hoof wall using the external shape information, 
which requires characterization of the shape of a hoof wall by parameters which can be taken 
from the external shape information. 
Furthermore Once a parametric model has been achieved then a range of solid models can be 
generated for further FE investigations on the effect of shape variation in the distribution of 
displacement, strain and stress. This work is presented in Chapter 7. 
The aim of this part of the work is: 
• To develop a representative template (i.e. parametric model) that fits a real specific hoof 
capsule; 
• To use the representative template to generate a range of horse hoof wall solid models 
with various shape factors for investigation by FE analysis. 
5.2 Possible method for the representative model template construction 
Due to the large number of models needed for the FE investigations, the CAD model is 
considered to be constructed into a parametric representative model template in which parameters 
are defined by variables rather than fixed values. This will enable new geometric forms generated 
by importing new parameter values without repeating model construction. For this reason, the 
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geometric form of hoof wall needs to be represented by and constructed from re-usable features, 
which are defined by variables and logical relationships. 
Several CAD packages available at Loughborough University have been reviewed, amongst 
which the 'sketch feature' and 'expression' function in Unigraphicx NX are likely to realise the 
'automated' requirements of the representative model. The concepts of 'sketch feature' and 
'expression' function are explained as following: 
The 'sketch feature' is a collection of two-dimensional (2D) features including point, curve and 
constraints on a specified 2D plane. The property of 2D features on a sketch, e.g. the length and 
direction of a straight line, enable defined by mathematical expressions via the function of 
'expression'. Thus the 2D feature enable altered by varying the values in the expression without 
repeating the model construction. A 'sketch feature' can be used to create new features and is 
associated to features created from it. Therefore the variation occurring in a 2D feature will cause 
a corresponding change in the whole model. 
For example, to construct a straight line between two points, the easiest way is to define the 
position of the start point and end point, e.g., input the values of coordinates. If the coordinates of 
any of the two points are going to be changed a new line has to be re-drawn by inputting new 
values of coordinates, and therefore the straight line constructed in this manner is not reusable. 
Here is an example of constructing a reusable straight line between point I (0,0,0) and point 2 
(a,b,c) using the 'sketch feature' and 'expression' function, in which 'a', ob' and 'c' are defined to 
be variables. 
Firstly, the first sketch (Sketch I in Fig. S.l) is constructed on the x-y plane. A straight line (line 
I) is constructed by the 'expression function' rather than given a real value directly. Thus point 
(a, 0, 0) is achieved by the end point of line I. Then, another straight line (line 2) is constructed 
from the (a, 0, 0) along y direction on sketch I with the length defined as variable ob' to achieve 
point (a, b, 0), from which another sketch (Sketch 2 in Fig. 5.1) is constructed on the x-z plane. 
The third line (line 3) is constructed from the end point of line 2 on Sketch 2 with the length 
defined as 'c'. Thus, the position of point 2 has been fully defined. At this stage, if point I and 
point 2 are connected directly, it will then be fixed at the first set values of (a,b,c) values as a 
normal feature cannot be defined by mathematical expressions. Therefore a third sketch is 
constructed on the plane defined by the point of (0,0,0) , (a,O,O) and (a,b,c) on which the aim line 
is constructed. The direction and length of the aim line constructed in this manner are possible to 
be varied by changing the values of ' a', 'b' and 'c' in the 'expression' function. 
Sketch3~ 
a.b.c) / .. 
aim line 
ze 
Sketch1 line 3 
,\'"'----;---__+' (a.b,O) 
line 2 Sketch2 
Fig. 5.1 Construct a straight line between (0,0,0) and (a,b,c) using Sketch function. 
78 
Chapter 5 Characterization and parametric modelling 
The model construction using 'Sketch feature' and 'Expressions' function is extremely complex 
when large amount of parameters are needed in a model because it needs logically describe all the 
constrictions, even though once the definitions are constructed successfully, new geometric forms 
can be achieved by varying the values of parameters. 
5.3 A rationale to determine the geometric form of the hoof wall 
Hollands (2004) indicated that the shape of the hoof capsule is usually described in a subjective 
manner by farriers, veterinarians and owners. For example, the hoof capsule of a Thoroughbred 
horses is often described as 'narrow' across the base, 'slender' with 'upright' walls, which is more 
similar to a cylinder (Hollands, 2004). Some researchers also describe the hoof capsule as an 
inverse truncated inclined cone (Thomason et al., 1992; Hood and Jacobson., 1997;). In order to 
describe the shape of a hoof capsule in an objective way so that different shapes can be compared 
with each other, the external appearance described in the subjective manner has to be quantified 
by a series of measurements. A selection of measurements including widest hoof width (WHW), 
capsule depth (CD), DHWA, DHWL, HA, heel length (HL), medial hoof wall angle (MHWA), 
and lateral hoof wall angle (LHWA) etc. (see Fig. 5.2) , have been used to indicate the shape of 
equine hoof by different researchers including Balch et al. (1991), Turner ( 1992), Kane et al. 
(1998), Thomason (1998), Newlyn et al. (1998) and Stashak et al.( 2003). These measurements, 
although varying among different researchers, could be classified by three categories: profiles on 
the solear plane, e.g., WHW, CD, (see Fig. 5.2(c)); the inclinations and linear distance 
measurements taken from the outlines of the hoof wall when viewed from lateral or medial side, 
e.g., DHWA, DHWL, HA, HL, (see Fig. 5.2 (a)); and the inclinations and linear distance 
measurements taken from the outlines of the hoof wall when viewed from the front or back, e.g., 
MHWA, LHWA , (see Fig. 5.2 (b) ) . 
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Fig. 5.2 The hoof capsule when viewed from different directions. 
The boundaries of a hoof wall, if observed in the 3D spatial space, are bounded by the solear 
surface, the outlines of coronary band (CB), and hoof wall surface between them. CB might be an 
important factor to the shape of hoof wall as it is the proximal origin of the growth of the homy 
hoof wall. However, compared with the BB outlines, the CB outline is difficult to detennine and 
measure. Therefore the construction of the representative CAD template is datumed from the BB 
outlines of the hoof wall by defining a series of reference lines which can be taken from the hoof 
wall, as most other researchers have done. From this outline, the CB outline can be decided by 
the linear distance and inclination measurements at selected reference sites. 
5.4 Protocol to datum the horse hoof 
As mentioned in the literature review, reference points used to characterize particular 
measurements vary among different researchers. This is because the hoof was never datumed in a 
consistent and well defined way. This section proposes a datum protocol. In other words, to 
characterize the shape of the hoof wall and construct the geometric fonns in the CAD system, it is 
necessary to define the reference points so that parameters can be taken in a repeatable manner. 
Key reference points adopted in this thesis include: 
• The point of lateral heel at BB level (PLHB)and the point of medial heel at BB level 
(PMHB), 
• The point ofDHW at BB level (PDHWB), 
• Widest points. 
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PLHB and PMHB 
The point of lateral heel at the BB level (PLHB) and the point of medial heel at the BB level 
(PMHB) are defined to characterize the start and end points of the BB outline. Measurements 
taken at the caudal aspect of the hoof wall including HA and HL need to be defined using these 
two points. Hollands (2004) adopted the 'caudal cornified aspect of the hoof wall at the distal 
surface' as the points of lateral and medial heel due to 'the lack of easily definable anatomical 
points' at the caudal part of the hoof wall. After testing on different hooves, it was decided to 
follow this definition as it is repeatable among different hooves. 
PDHWB 
PDHWB is defined to characterize the most dorsal aspect of the BB outline. In the meantime, 
measurements taken at the dorsal aspect of the hoof wall including CD, DmV A and DHWL are 
required to be defined from this point. The parameter CD has been defined as the maximum 
linear distance from the dorsal aspect of the BB to the straight line tlhrough the PLHB and PMHB. 
After testing on different hooves in chapter 4 and the protocol to achieve PDHWB on a hoof wall 
has been given in section 4.5.1 and which has been shown to be a successful and repeatable 
protocol. ,The straight line through PDHWB perpendicular to the straight line through PLHB and 
PMHB is defined as the central axis (see Fig. 5.3). 
Widest points 
Central axis 
DHWB 
PMH 
Cl 
U 
Fig.5.3 The definition of PLHB, PMHB, PDHWB and central axis. 
Widest points are defined to take measurements including MHW A and LHWA at the lateral and 
medial aspect of the hoof wall. They are also defined to characterize the most lateral and medial 
aspect of the BB outline in the model construction. 
Although widest points are adopted by many researchers, the definitions are vague due to lack of 
easily identifiable anatomy reference structures. Researchers including Kane et af. (1998) and 
Thomason (1998) took measurements at widest points of the hoof wall using photographic 
techniques without indicating how the widest points are decided. Hollands (2004) measured the 
widest point from the sole and defined widest points as the widest part of the sole where met tlhe 
wall. This has been tested using 10 hooves (adopted in accordance with section4.7) and found to 
be difficult. Firstly the widest part of the sole is not easily identifiable by sight as the hoof wall is 
not symmetrical lateromedially. On the other hand, this definition seems to position the widest 
points on the inner outline of the BB. Even if the points can be positioned accurately on the inner 
outline of BB, it is impossible to take the measurements of MHW A and LHW A from these points. 
It also has been considered to adopt the linear distance measured from reference site at 50%CD. 
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However, it is found that for most of the hooves tested, the linear distance at the reference site of 
SO%CD is far less than the maximum linear distance. Therefore surface detail could be lost if the 
points defined by reference site of SO%CD are used as the most lateral and medial aspect when 
constructing the BB outline. 
In this thesis, the widest hoof width is defined as the maximum linear distance between the medial 
side and lateral side of the hoof wall when taken perpendicular to the central axis on the solear 
aspect. Widest points are defined as the points through which the parameter of WHW is taken. 
5.5 Bearing border outline construction 
5.5.1 Summary of bearing border outline construction 
BB outline is constructed by sketches on the XY plane. 
Firstly, an initial control line is drawn along the y axis to position the central axis. The parameter 
of capsular depth (CD) is constructed by defining a linear distance from the origin along the 
central axis. A series of reference sites are defined along the central axis in terms of percentage 
CD. From each reference site, linear distance is constructed perpendicularly with the central axis 
in both lateral and medial aspect to define the external outline of BB outline. The internal outline 
is defined by the thickness of the wall on each reference site. The outlines of bars on the solear 
aspect are constructed by defining the orientation and length of two parallel lines. 
Considering the complexity of the model construction, the reference lines have to be decided on a 
balance of accuracy and simplification. According to the experience in constructing the BB 
outline using control points achieved from FaroArm CMM (described in chapter 4), the horse 
hoof wall constructed from every 2S% CD reference system has shown differences around the 
reference site of SO%CD and the caudal aspect of the BB outline (see Figo4.17), but the 
differences in most parts of the BB outline are slight. Therefore it is decided to adopt this system 
in general, with additional reference lines at the middle and caudal aspect of the BB outline. 
Furthermore, instead of the SO%CD reference line, the reference line of WHW is adopted so that 
the parameters of MHW A and LHW A could be constructed. Apart from the reference line of 
WHW, two more reference lines are adopted to control the curvature at the medial and lateral 
aspect of the BB outline, which are: the reference line of 40%CD, the reference line of WHW, 
and the reference line of 60%CD. 
The variations in the caudal aspect of the BB outline are considered to be improved by including a 
reference line between the reference line of 75%CD and ·IOO%CD. Considering the construction 
of bars at the caudal aspect, it is decided to take the measurement at the inside apex of the bar so 
that the bar can be constructed using this point. 
Therefore, 7 reference points (point I-point 7 in Fig. SA) on the central axis are adopted to 
construct reference lines to determine reference sites on the lateral and medial aspect of BB as 
follows: 
1. Reference line I (S _I): the 2S% percentage of CD. 
2. Reference line 2 (S_2): the 40% percentage of CD. 
3. Reference line at widest points (S_ WHW): the position of the widest. 
4. Reference line 3 (S _3): the 60% percentage of CD. 
S. Reference line 4 (S_ 4): the 7S% percentage of CD. 
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6. Reference line 5 (8_5): the position of the bar apex. 
7. Capsule depth (CD): the IOO%CD. 
This reference system is tested on 10 CAD surface models constructed by the FaroAnn CMM 
approach from horse hooves adopted in section 4.7 and sbows good agreement in all models. One 
example is shown in Fig. 5.4, in which the spline shown in red is the BB outline from the CAD 
surface model, and the splines in green are constructed using the reference system outlined above. 
Central axis 
_-l-
~ ",- 1 ! 1 
CIl 10 ... 
1 CIl 
." 0 
CIl u 
\-
" r" 
Fig. 5.4 The comparison between the BB outline constructed using reference system (green 
curves) and the BB outline from the original surface model (red curves). 
To allow generations of both Left and right feet, the representative CAD template constructed bere 
has not been specified the lateral and medial aspect as both left foot and right foot could be 
characterized by the same parameters with different values. 80 the latera l and medial aspects are 
simply replaced by 'left' or ' right' in this representative hoof wall template, in which 'left' 
represents the left side of the foot when it is standing on the ground surface (the xy plane in tbis 
representative hoof wall template) and viewed from the back. For a left foot, the 'left' side is the 
lateral aspect, and for a right foot. the 'left' side is the medial aspect. This could be specified in 
the future when stating va.lues of paranleters for particular hooves. The hoof wall is not 
symmetrical lateromedially. Therefore for ea.ch reference line, two linear distances are given to 
characterize the asymmetry. As a result, the lateromedial asymmetry of the BB outline is 
characterized by defining the linear distance between the left and right side of the BB outline at 
each reference line and the linear distance from the left side of the BB outline to the central axis at 
the reference line. 
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5.5.2 Parameter determination 
The definitions of parameters in the construction of the BB outline are listed in following Table 
5.1 to Table 5.5. In general, the values of parameters in the construction of the BB outline could 
be taken from the BB sketch traced on graph paper or measured from the real hoof capsule by 
simple tools including rulers and protractor, are also given in Table 5.1 to Table 5.5. 
Cent~1 axis/, BB 
" r ~ :I: I a :I: f- a 
u 
I 
I z 
\ '(HJ ~ jx HW L 
I Y 
Name Definition Method for taking measurements 
1 capsule depth The maximum linear Trace the BB outline on graph paper, and 
(CD) distance from the connect the two points of lateral and medial 
dorsal aspect of the heel with straight line. Draw the tangent 
BB outline to the parallel line on the dorsal aspect of the BB 
straight line through outline. Measure the linear distance between 
two points of the the two lines. 
lateral heel and 
medial heel. 
2 heel width (HW) The linear distance The measurement can be taken by a ruler 
between the two from the graph paper on the BB sketch traced 
points of medial heel from the real hoof capsule. 
and lateral heel at BB 
level. 
3 heel width left The linear distance The measurement can be taken by a ruler 
(HW_L) between the point of from the graph paper on the BB sketch traced 
heel on left side at from the real hoof capsule. 
BB level to the 
central axis. 
4 wall thickness at The wall thickness at Marking the point of OHW on the hoof 
DHW(TH_DHW) point of DHW on BB capsule. The wall thickness is measured at the 
level when measured DHW by a ruler and calliper. 
along with the central 
axiS. 
Table 5.1 Parameter number 1-4 of the parametric representative hoof wall template. 
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5 
6 
Name 
widest hoof width 
(WHW) 
reference line at 
widest hoof width 
(S_WHW) 
7 widest hoof width 
left (WHW_L) 
8 wall thickness at 
WHW 
9 
\0 
tI 
12 
(TH WHW) 
Name 
reference line I 
(S_I) 
hoof width I 
(WH_I) 
hoof width I left 
(WH_I_L) 
wall thickness 1 
(TH_I) 
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centrr~r 
I ~Hw~,~1 
ffivmw 
Definition 
The maximum linear distance from the 
lateral aspect to the medial aspect of the 
BB outline when taken perpendicular to 
the central axis. 
The linear distance from The point of 
DHW at BB level to the straight line 
through widest points when measured 
along the central axis. 
TH WHW 
z 
y 
Method for taking measurements 
Measurement is taken on the BB sketch 
traced on graph paper by estimating the 
maximum linear distance between lateral and 
medial aspect of the BB outline when taken 
perpendicular with the central axis. 
Measurement can be taken using a ruler on 
the BB sketch traced on graph paper after 
deciding the widest points. 
The linear distance between the widest The measurement can be taken by a ruler 
point on left side to the central axis. from the graph paper on the BB sketch 
traced from the real hoof capsule. 
The wall thickness at the reference site Marking the widest points on the hoof 
ofWHW when measured perpendicular capsule, and the wall thickness is measured 
with the central axis. by a ruler and calliper. 
Central axiV BB 
/ I T 
Definition 
The linear distance of 25o/oCD when 
measured along the central axis from the 
point of DHW at the BB outline. 
The linear distance between the left and 
right side of the BB outline at the 
reference site 1. Measured 
perpendicular to the central axis. 
The linear distance between the point on 
left side at reference site I to the central 
axis. 
The wall thickness at the reference site I 
when measured perpendicular with the 
central axis. 
z 
y 
Method for taking measurements 
The measurement can be taken by a ruler 
from the graph paper on the BB sketch 
traced from the real hoof capsule. 
The measurement can be taken by a ruler 
from the graph paper on the BB sketch 
traced from the real hoof capsule. 
The measurement can be taken by a ruler 
from the graph paper on the BB sketch 
traced from the real hoof capsule. 
Marking the points on reference site 1 on the 
hoof capsule, and the wall thickness is 
measured by a ruler and calliper. 
Table 5.2 Parameter number 5-12 of the parametric representative hoofwall template. 
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Centra: axis /" BB 
N f I ~ en WH 2 L IWH 2 
. /:\ rn, 
z 
\lJ( i ~\V jx 
y 
Name Definition Method for taking measurement 
13 reference line 2 The linear distance of 40%CD when The measurement can be taken by a ruler 
(S_2) measured along the central axis from the from the graph paper on the BB sketch 
point ofDHW at BB outline. traced from the real hoof capsule. 
14 hoof width 2 The linear distance between the left and The measurement can be taken by a ruler 
(WI'I_2) right side of the BB outline at the from the graph paper on the BB sketch 
reference site 2. Measured traced from the real hoof capsule. 
perpendicular to the central axis. 
15 hoof width 2 left The linear distance between the point on The measurement can be taken by a ruler 
(WH_2_L) left side at reference site 2 to the central from the graph paper on the BB sketch 
axis. traced from the real hoof capsule. 
16 wall thickness 2 The wall thickness at the reference site 2 Marking the points on reference site 2 on the 
(TH_2) when measured perpendicular with the hoof capsule, and the wall thickness is 
central axis. ' measured by a ruler and calliper. 
Central axis 
I /BB 
..l. 
I 
~ 
en ~H3L ~- \vH 3 
/ I TH 3 z V jX (' I , I y 
Name Definition Method for taking measurements 
17 reference line 3 The linear distance of 60%CD when The measurement can be taken by a ruler 
(S_3) measured along the central axis from the from the graph paper on the BB sketch 
point of DHW at BB outline. traced from the real hoof capsule. 
18 hoof width 3 The linear distance between the left and The measurement can be taken by a ruler 
(WH_3) right side of the BB outline at the from the graph paper on the BB sketch 
reference site 3. Measured traced from the real hoof capsule. 
perpendicular to the central axis. 
19 hoof width 3 left The linear distance between the point on The measurement can be taken by a ruler 
(WH_3_L) left side at reference site 3 to the central from the graph paper on the BB sketch 
axis. traced from the real hoof capsule. 
20 wall thickness 3 The wall thickness at the reference site 3 Marking the points on reference site 3 on the 
(TH_3) when measured perpendicular with the hoof capsule, and the wall thickness is 
central axis. measured by a ruler and calliper. 
Table 5.3 Parameter number 13-20 of the parametric representative hoofwall template. 
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Central axis 
I /BB 
r i 
"'", 
'" hr·", WH 4 I z 
\j( TH4 jX I ~ I y 
Name Definition Method for taking measurements 
21 reference line 4 The linear distance of 75% CD when measured The measurement can be taken by a ruler 
(S_4) along the central axis from the point of DHW from the graph paper on the BB sketch 
at BB outline. traced from the real hoof capsule. 
22 hoof width 4 The linear distance between the left and right The measurement can be taken by a ruler 
(WH_4) side of the BB outline at the reference site 4. from the graph paper on the BB sketch 
Measured perpendicular to the central axis. traced from the real hoof capsule. 
23 hoof width 4 left The linear distance between the point on left The measurement can be taken by a ruler 
(WH_4~L) side at reference site 4 to the central axis. from the graph paper on the BB sketch 
traced from the real hoof capsule. 
24 wall thickness 4 The wall thickness at the reference site 4 when Marking the points on reference site 4 on 
(TH_ 4) measured perpendicular with the central axis. the hoof capsule, and the wall thickness 
is measured by a ruler and calliper. 
I BB Central axis /_ 
..l. 
1/ I 
~, 
'" I 
I 1/ z 
5' Jf I 
WH 5 L jx WH I ~TH '" I 5 -, Y 
Name Definition Method for taking measurements 
25 reference line 5 The linear distance when measured along the The measurement can be taken by a ruler 
(S_5) central axis from the point of DHW at BB from the graph paper on the BB sketch 
outline to the inside bar apex. traced from the real hoof capsule. 
26 hoof width 5 The linear distance between the left and right The measurement can be taken by a ruler 
(WH_5) side of the BB outline at the reference site 5. from the graph paper on the BB sketch 
Measured perpendicular to the central axis. traced from the real hoof capsule. 
27 hoof width 5 left The linear distance between the point on left The measurement can be taken by a ruler 
(WH_5_L) side at reference site 5 to the central axis. from the graph paper on the BB sketch 
traced from the real hoof capsule. 
28 wall thickness 5 The wall thickness at the reference site 5 when Marking the points on reference site t on 
(TH_5) measured perpendicular with the central axis. the hoof capsule, and the wall thickness 
is measured by a ruler and calliper. 
Table 5.4 Parameter number 21-28 of the parametric representative hoofwall template_ 
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29 
30 
am. 
bar length (BL) 
bar angle (BA) 
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Central axis 
I BB 
Definition 
The linear distance between the two end 
points of the bar. 
The anglc between lhe straight lines 
through lhe twO end points of the bar 
and the two points of lateral and medial 
heel. 
l 
) 
Method for taking measurements 
The measurement can be taken by 8 calliper 
from hoof capsule. 
The measurement can be taken by a 
protractor from the hoof capsule. 
Table 5.5 Parameter number 29-30 of the parametric representative hoof wall template. 
5.6 Coronary band outline construction 
The previous section outlines the characterization of the BB shape. To complete the shape 
characterization of the hoof it is necessary to identify the CB shape. Everything between BB and 
CB must be defined. This will be done with 32 further parameters which are outlined in section 
5.6.2. Before that the method for CB construction is outlined. 
5.6.1 Summary of coronary band outline construction 
To simplify the description, two kinds of planes are defined in this thesis: the dorso-paJmar (OP) 
plane, and the latero-medial (LM) plane. 
The OP plane in this thesis is deflned as the plane perpendicular to the BB and parallel with tbe 
central axis when the hoof is standing on the ground (see Fig. 5.5). The LM plane in this thesis is 
defined as the plane along the tubular direction at each reference site (see Fig. 5.5). 
LM plane ---: 
...... -!e~plane 
Fig. 5.5 OP plane and LM plane. 
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The CB outline construction is more difficult compared to the BB outline because it has to be 
defined spatially rather than in one plane. In theory it can be decided by constructing the 
parameters of length and inclinations at eacb reference site. However the automated geometric 
form changing occurs only on the ' sketch feature', which requires that the outline be constructed, 
is in one 20 plane. Therefore, three points are constructed to define the plane of CB. These 
points are: the point of dorsal hoof wall at CB level (POHWC), which is the proximal limit of the 
hoof wall at the OP plane through the POHWB; the point of lateral heel at CB level (PLHC) and 
the point of medial heel at CB level (PMlIC), which are the most caudal aspect of the hoof wall at 
the proximal limitofLH and MH respectively. 
The POHWC is defined by parameters of OHWL and OHW A in the OP plane through the point 
ofPOHWB (Fig. 5.6(a». 
PDHWC 
PDHWB 
BB PLHB 
x 
(a) The outlines of the hoof when 
viewed from the left side 
z 
.-1 y 
(b) The outli nes of the hoof when 
viewed from the rear 
Fig. 5.6 Location of the POHWC and PLHC for the left foot . 
Tbe PLHC and PMlIC are defined by the heel length (HL) and inclinations of the heel at the 
PLHB and PMHB respectively. Many researchers fail to distinguish the inclinations of the heel in 
different orientations. The parameter of heel angle (HA) is usually adopted to reflect the 
inclinations of the heel in the OP plane corresponding with the OHWA, which is the inclination of 
the hoof wall at the OHW in the OP plane. This, however, has ignored the inclinations in the LM 
plane. Therefore in this thesis the inclinations of the heel are characterized by two sets of 
parameters: beel angle on the DP plane (HA_OP) at LH and MH respectively (characterized as 
' left' and 'right' in this representative hoof wall template, and only the HA_OP _L is shown in 
Fig. 5.6(b», and heel angle on the LM plane (HA_LM) at LH and MlI respectively 
(characterized as ' left' and ' right ' in this representative hoof wall template, and only the 
HA_LM_L is shown in Fig. 5.6(b». 
The construction of the heel is separated into two steps: 
Firstly, assistant sketches (see 'assistant sketch I' in Fig. 5.7, only the left side is shown) are 
constructed on the yz planes at the PLHB and PMHB on which the parameters of . HA_ OP _L' 
and 'HA_ OP _R' are defmed by assistant straight lines (see ' assistant line I' in Fig. 5.7, only 
' HA_OP _L' is shown). 
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ASSiS\t sketcn I Ass istant Line I 
z 
1<x BB 
Fig. 5.7 The HA _ DP is constructed on the yz plane at the point of heel on the BB level. 
Secondly, the assistant lines together with the straight line through PLHB and PMHB are then 
used to define new planes on which new sketches (see ' assistrult sketch 2' in Fig. 5.8, only the left 
side is shown) are constructed to define the parruneters of'HA_LM_L' ,'HA_LM_R' 'HL_L' and 
' HL_R' (see Fig. 5.8, only 'HA_LM_L' and 'HL_L' are shown). 
I Assistant sketch 2 
J HLL 
I 
I x-Z 
Assistant Line I 
y 
Fig.S.S The HA_LM is constructed. 
In the manner described above, the PDHWC, the PLHC and the PMHC are completely defined 
estahlishing a 2D plane to position d,e CB outline sketch. 
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The external CB outline is defined by the inclinations of the hoof wall between the planes of the 
CB and BB outline. 
Similarly with the constructions of heel parameters, the inclinations of the hoof wall at each 
reference site are constructed by two sketches: the inclination on the OP plane (e.g., the hoof wall 
angle on the OP plane at the reference site of WHW on the left side (HW A_ WHW _OP _L), shown 
in Fig. 5.9) is constructed on the first sketch by drawing an assistant line. This assistant line is 
used to construct the second sketch on which the inclination on the LM plane (e.g., the hoof wall 
angle on the LM plane at the reference site of WHW on the left side (HWA_ WHW _LM), shown 
in Fig. 5.9) is constnIcted by the second straight line. The intersection point of the second straight 
line and the plane of CB outline is adopted to define the external CB outline. 
BB 
, 
, 
z 
.~------>t--~ ! 
" \ +-t 
BB 
Fig. 5.9 Parameters constructed at the reference site of WHW. 
The internal CB outline is decided based on the assumption that the hoof wall thickness is 
unifonn along tubules from CB to BB, following other researchers including Newlyn et al. 
(1998). The parameters of wall thicknesses adopted when the internal BB outline is constructed 
from each corresponding point on the CB plane on each reference line (e.g., the wall thickness at 
reference site I (TH_I) shown in Fig. 5.10). 
CB outline 
TH 1 
z 
B outline 
Fig.5.10 Defining the internal CB outline using the wall thickness measured at the reference line 
I on the solear aspect. 
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The component of bar is simplified as a parallelepiped defmed by the straight line through the 
points on the BB and CB outline at reference line 5 (line I in Fig. 5. 11), the straight line through 
the points on the BB and CB outline at the heel (line 2 in Fig. 5.11), and their parallel lines. 
CB outline 
/ 
BB outline 
F ig. 5.11 Construction of bars. 
5.6.2 Parameter identification from a computer surface model 
This section explains a method for identifying parameters that characterize the horse hoof shape 
from surface model data. 
In general, parameters to defme the CB outline on each reference site include linear distance 
between the BB and CB outline and the inclinations in both the DP and LM plane. These 
parameters are usually difficult to take directly from the hoof capsule compared with the 
parameters of the BB outline due to lack of an easily identified reference structure. Although 
some instruments and methods have been developed to take some particular measurements such 
as the DHW A, DHWL and HL, they have limitations in picking up all parameters required for the 
representative hoof wall template constructed here. For example, the measurements at the heel 
have been designed be captured by direct method using ruler, calliper and protractor, and it has 
been found to be difficult to capture the angles because it is hard to position the protractor and 
identifY the inclinations accurately in 8 repeatable manner. The photographic technique which 
has been adopted by many researchers such as Kane el al. (I998). Newlyn et al. (1998) and 
Thomason (1998). on the other hand. has been found difficult to undertake as the hoof capsule 
represents a 3D free formed shape with high complexity (Hollands. 2004). This author has 
compared the values taken by direct method with those taken by photographic technique and 
found that significant differences exist in some measurements, such as DHWL Considering these 
difficulties it is decided to identifY the relevant parameters from the surface models. which 
themselves were generated from captured data (see Chapter 3 and Chapter 4). 
In the following, the protocol to take parameters from the 3 D computer based model developed 
previously is provided. The model adopted here is the CAD surface model Ch4-13 , which is 
achieved by the FaroAtm CMM technique. Key reference points defined in section 5.4 (the 
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PLlffi, PMHB. POHWB and widest points) have been marked and recorded by FaroAnn CMM 
during shape capturing. An explanation is provided of how parameters are identified and 
measured around the following area of the hoofwall : 
• Caudal aspect 
• Dorsal aspect 
• Reference sites between O%CO and lOO%CD 
Caudal aspect 
Measurements taken from the caudal aspect of the hoof include parameters at the LH and the MH. 
The three paranleters are taken at the caudal aspect at the left side for the representative CAD 
template (the lateral side in this case as it is a left front foot) from the CAD surface model Ch4-
13, which include: the heel length (LH_L) . the heel angle in the OP plane (HA_OP _L), and the 
heel angle in the LM plane (HA_LM_L): 
I) Measure the heel angle in the OP plane (HA_OP _L): from the PLHB, a straight line is 
constructed along the z direction (linel in Fig. 5.12). Project this line to the datum plane (datum 
plane I in Fig. 5.12) defmed by a straight line through the PLHB and PLHC(see line 2 in Fig. 
5.12), and the straight line through the PLHB and PMHB(see line 3 in Fig. 5.12). The HA_OP_L 
is then calculated using the angle between linel and line2 as: 
HA_DP _L=90· -A, 
Line 
Fig. 5.12 Take measurements of heel angle in the DP plane from the surface model of hoof wall 
achieved by FaroArm CMM. 
2) Measure the heel angle in the LM plane (HA_ LM_L): measure the angle between the straight 
line through the PLlffi and PLHC, and the straight line through PLHB and PMHB. 
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Fig. 5.13 Take measurements of heel angle in the LM plane from the surface model of hoof wall 
achieved by FaroArm CMM. 
3) Measure the heel length (HL_L): measure the linear distance between PLHB and PMHB (see 
Fig. 5.13) . 
Dorsal aspect 
Two parameters are taken at the dorsal aspect of the hoof, which are: DHWA and DHWL. 
The DHWL is measured from the linear distance between the point of PDHWC and PDHWB (see 
Fig. 5.14). The DHW A is measured from the angle between the straight through the PDHWB 
and PDHWC, and the central axis (Fig. 5.14). 
\ DHWL 
Central axis 
PDHWB 
z 
l x~ 
Fig. 5.14 DHWA and DHWL identified from the surface model of hoof wall. 
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Reference site between O%CD and 100%CD 
Parameters taken from each side (Le. lateral and medial side) of every reference line between 
O%CO and IOO%CD include two inclinations: the inclination in the OP plane, and the inclination 
in the LM plane. The following gives an example of how to take the parameters at the widest 
point. The protocol to take measurements from other reference sites follows a similar procedure. 
Two parameters are taken at the widest point on the left side: the hoof wall angle on the OP plane 
at the left side widest point (HWA_ WHW _OP _L), and the hoof wall angle on the LM plane on 
the left side' s widest point (HWA_WHW_ LM_L). The parameter of HWA_WHW_OP_L is 
defined as the angle at the widest point between tubule and the ground surface when measured in 
the OP plane. The parameter of HWA_ WHW_LM_L is defined as the angle at the widest point 
between tubule and the ground surface when measured in the LM plane. The direction of hoof 
wall tubule at each reference site is characterized hy two points, which are the intersection point 
of the hoof wall tubule with the CB outline, and the intersection point of the hoof wall tubule with 
the BB outline (the widest points in this case). These have been previously specified and recorded 
by the FaroArm CMM. 
When taking the measurements from the 30 surface model, a datum plane is constructed by the 
reference lines (i.e., reference line 3 in Fig. 5.4) through the widest points and the line along hoof 
wall tubule, which can be identified and is recorded as a reference point (point I in Fig. 5.15) by 
the CMM captured data (see datum plane I in Fig. 5. 15). The parameter of HWA_ WHW _OP_L 
is taken by measuring the angle between this datum plane and the xy plane. The parameter of 
HWA_ WHW _LM_L is taken by measuring the angle between the straight lines through the 
widest points and the two points of the hoof wall tubule. 
x 
/datumplane~ . I . point I 
BB outline 
reference line 3 ~ y 
x 
Fig. 5.15 Hoof wall parameters identified from the surface model of the hoof wall achieved by 
the FaroArm CMM. 
The definitions of parameters in the construction of the CB outline are listed in following Table 
5.6- Table 5.8: 
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Name Definition Method for taking measurements 
31 dorsal hoof wall angle The angle between the straight lines From pre-constructed 3D computer 
(DHWA) through points of DHW on the CB I model on the yz plane through the 
and BB level and the central axis. central axis. 
32 dorsal hoof wall The linear distance between the From pre-constructed 3D computer 
length (DHWL) points of DHW on the CB and BB model on the yz plane through the 
level. central axis. 
33 heel length left The linear distance between the Linear distance measured at the 
(HL_L) points of the heel on CB and BB caudal aspect from the pre-
level on the left side. constructed 3D computer model. 
34 heel length right The linear distance between the Linear distance measured at the 
(HL_R) points of the· heel on CB and BB caudal aspect from the pre-
level on the right side. constructed 3D computer model. 
35 heel angle on DP The angle between the straight line Taken from the pre-constructed 3D 
plane left through the points of heel on the left computer model by constructing 
(HA_DP_L) side on the BB and CB level and the corresponding datum planes and 
ground surface when measured in the assistant lines from the pre-identified 
DP J1Iane. and pre-recorded points. 
36 heel angle on LM The angle between the straight line Taken from the pre-constructed 3 D 
plane left through the points of heel on the left computer model by constructing 
(HA_LM_L) side on the BB and CB level and the corresponding datum planes and 
ground surface when measured in the assistant lines from the pre-identified 
LM plane. and pre-recorded points. 
37 heel angle on the DP The angle between the straight line Taken from the pre-constructed 3 D 
plane right through the points of the heel on the computer model by constructing 
(HA_DP_R) right side on the BB and CB level corresponding datum planes and 
and the ground surface when assistant lines from the pre-identified 
measured in the DP plane. and pre-recorded points. 
38 heel angle on the LM The angle between the straight line Taken from the pre-constructed 3 D 
plane right through the points of the heel on the computer model by constructing 
(HA_LM_R) right side on the BB and CB level corresponding datum planes and 
and the ground surface when assistant lines from the pre-identified 
measured in the LM plane. and pre-recorded points. 
39 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
DP plane on reference reference line I on the left side and computer model by constructing 
site I left the ground surface when measured in corresponding datum planes and 
(HWA_I_DP_L) the DP plane. assistant lines from the pre-identified 
and pre-recorded points. 
40 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3 D 
LM plane on reference line I on the left side and computer model by constructing 
reference site I left the ground surface when measured in corresponding datum planes and 
(HWA_I_LM_L) the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
41 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
DP plane on reference reference line I on the right side and computer model by constructing 
site I right the ground surface when measured in correspond ing datum planes and 
(HWA_I_DP_R) the DP plane. assistant lines from the pre-identified 
and pre-recorded points. 
42 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
LM plane on reference line I on the right side and computer model by constructing 
reference site I right the ground surface when measured in corresponding datum planes and 
(HWA_I_LM_R) the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
Table 5.6 Parameter numbers 31-42 of the parametric representative hoof wall template. 
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Name Definition Method for taking measurements 
43 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
OP plane on reference reference line 2 on the left side and computer model by constructing 
site 2 left the ground surface when measured corresponding datum planes and 
(HWA_2_0P_L) in the OP plane. assistant lines from the pre-identified 
and pre-recorded points. 
44 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
LM plane on reference reference line 2 on the left side and computer model by constructing 
site 2 left the ground surface when measured corresponding datum planes and 
(HWA_2_LM_L) in the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
45 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
OP plane on reference reference line 2 on the right side computer model by constructing 
site 2 right and the ground surface when corresponding datum planes and 
(HWA_2_0P _R) measured in the OP plane. assistant lines from the pre-identified 
and pre-recorded points .. 
46 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
LM plane on reference reference line 2 on the right side computer model by constructing 
site 2 right and the ground surface when corresponding datum planes and 
(HWA_2_LM_R) measured in the LM plane. assistant lines from the pre-identified 
andl're-recorded points. 
47 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
OP plane on WHW left widest point on the left side and computer model by constructing 
(HWA_WHW_OP_L) the ground surface when measured corresponding datum planes and 
in the OP plane. assistant lines from the pre-identified 
and pre-recorded points. 
48 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
LM plane on WHW left widest point on the left side and computer model by constructing 
(HWA_WHW_LM_L) the ground surface when measured corresponding datum planes and 
in the LM plane. (LHWA for left assistant lines from the pre-identified 
foot, and MHWA for right foot). and pre-recorded points. 
49 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
OP plane on WHW widest point on the right side and computer model by constructing 
right the ground surface when measured corresponding datum planes and 
(HWA_WHW_OP_R) in the OP plane. assistant lines from the pre-identified 
and pre-recorded points. 
50 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
LM plane on WHW widest point on the right side and computer model by constructing 
right the ground surface when measured corresponding datum planes and 
(HWA_WHW_LM_R) in the LM plane. (MHWA for left assistant lines from the pre-identified 
foot, and LHW A for rigllt footl. andl're-recorded points. 
51 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
OP plane on reference reference line 3 on the left side and computer model by constructing 
site 3 left the ground surface when measured corresponding datum planes and 
(HWA_3_0P _L) in OP plane. assistant lines from the pre-identified 
and~e-recorded points. 
52 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 30 
LM plane on reference reference line 3 on the left side and computer model by constructing 
site 3 left the ground surface when measured corresponding datum planes and 
(HWA_3_LM_L) in the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
Table 5.7 Parameter numbers 43-52 of the parametric representative hoof wall template 
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Name Definition Method for taking measurements 
53 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
DP plane on reference reference line 3 on the right side and computer model by constructing 
site 3 right the ground surface when measured in corresponding datum planes and 
(HWA_3_DP_R) the DP plane. assistant lines from the pre-identified 
and pre-recorded points. 
54 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
LM plane on reference line 3 on the right side and computer model by constructing 
reference site 3 right the ground surface when measured in corresponding datum planes and 
(HWA_3_LM_R) the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
55 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3 D 
DP plane on reference reference line 4 on the left side and computer model by constructing 
site 4 left the ground surface when measured in corresponding datum planes and 
(HWA_4_DP_L) the DP plane. assistant lines from the pre-identified 
and pre-recorded points. 
56 hoofwa11 angle on the The angle between the tubule at Taken from the pre-constructed 3D 
LM plane on reference reference line 4 on the left side and computer model by constructing 
site 4 left. the ground surface when measured in corresponding datum planes and 
(I-IWA_ 4_LM_L) the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
57 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
OP plane on reference reference line e 4 on the right side computer model by constructing 
site 4 right and the ground surface when corresponding datum planes and 
(HWA_4_DP _R) measured in the DP plane. assistant lines from the pre-identified 
and pre-recorded points. 
58 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
LM plane on reference reference line 4 on the right side and computer model by constructing 
site 4 right the ground surface when measured in corresponding datum planes and 
(HWA_4_LM_R) the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
58 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
OP plane on reference reference line 5 on the left side and computer model by constructing 
site 5 left the ground surface when measured in corresponding datum planes and 
(HWA_5_DP_L) the DP plane. assistant lines from the pre-identified 
andj,re-recorded points. 
60 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
LM plane on reference reference line 5 on the left side and computer model by constructing 
site 5 left the ground surface when measured in corresponding datum planes and 
(HWA_5_LM_L) the LM plane. assistant lines from the pre-identified 
and pre-recorded points. 
61 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
DP plane on reference reference line 5 on the right side and computer model by constructing 
site 5 right the ground surface when measured in corresponding datum planes and 
(HWA_5_DP _R) the DP plane. assistant lines from the pre-identified 
and pre-recorded points. 
62 hoof wall angle on the The angle between the tubule at Taken from the pre-constructed 3D 
LM plane on reference reference line 5 on the right side and computer model by constructing 
site 5 right the ground surface when measured in corresponding datum planes and 
(HWA_5_LM_R) the LM plane. assistant lines from the pre-identified 
andj,re-recorded points. 
Table 5.8 Parameter number 53-62 of the parametric representative hoof wall template 
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5.7 Solid model construction 
The solid model of the hoof wall can be constructed after both BB and CB outlines are defined. 
This CAD solid representative hoof wall template (model code: ChS·I) could provide different 
geometric fonns by importing different values of parameters without having to repeat the model 
constructions. 
Fig. S.16 shows the superimposed models, ooe is the CAD surface model Ch4-4 (Fig. 4.8 (d» and 
the other is the CAD solid model created from the parametric representative hoof wall template 
ChS-1. The external surface of the CAD solid model shows a general agreement with the CAD 
surface model in most of the areas. A further validation will be given in Chapter 6. 
y 
F ig. 5.16 The comparison of the CAD model created from ChS-1 (in grey colour) 
and CAD surface model Ch4-4 (in blue colour). 
5.8 Discussion 
Discussions are listed below under: 
• Model construction 
• Measurement taking 
• Key shape factors 
Model construction 
The construction process for a representative hoof wall template model, based on inputting varies 
parameter values, is more complex compared to a single horse hoof model construction for a 
particular instance. This is because all the ' sketch features' need to be constructed independently 
in a logical order. Since the 'sketch feature' is recognized as one object, each 'sketch feature' has 
to be constructed independently, which means even for those features on one 2D plane they have 
to be constructed in different sketches so that each feature can be re-used independently. 
However once the representative template is constructed, new geometric fonns can be created 
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rapidly from the template by importing different values of parameters without repeating the 
modelling work, which makes it possible to conduct research work based on a large number of 
solid models (>200 in this work). 
However, there are some limitations in the automated model construction techniques in 
Unigraphics NX. Firstly, the automated function can only occur on a 20 datum plane. As a result 
automated free formed 3D features such as the CB outline have to be simplified on a 20 plane. 
Secondly, the capability of the software in handling large amounts of sketch features still need to 
be improved. With the increasing number of sketches, errors occur more frequently when 
defining the logical relationships between constraints and features in the automated modelling. 
Some errors occurred in an old version of the software (Unigraphics NX3) disappear when edited 
in a new version of the software (Unigraphics NX4), which indicates that insufficient capability of 
the software can also cause errors. 
The representative hoof wall template constructed here is primarily focussed on the BB and CB 
outline, which represents the major complexity of the hoof wall. Due to the limitation of the 
modelling technique, the curvature of the hoof wall between these two outlines has been 
simplified to be straight. With the development of the software, further direction in model 
construction could be considered characterizing the curvature shape of the hoof wall by including 
more control outlines between the BB and CB outline. 
Measurement taking 
The protocol of establishing values for the parameters is provided in this work. The parameters to 
characterize the BB outline can generally be taken from the hoof capsule or the BB sketch traced 
from the hoof capsule on graph paper. The parameters to define the CB outline, which are linear 
distance measurements and inclinations in 3D spatial space, are difficult to capture directly by 
normal tools due to the complexity of the shape. The ability to take shape measurements directly 
from the actual horse hoof is compromised by the lack of any reference features in taking 
measurements. Therefore in this work, instead of taking measurements directly from the real 
hooves, 3D computer based surface model constructed from previous 3 D capturing techniques are 
adopted. The advantage is that the linear distance and inclination measurements at any reference 
site in any direction can be taken by applying section planes, which are difficult to conduct in real 
life. 
3D shape capturing techniques have been investigated in previous chapters. After comparing 
different techniques, it is decided to adopt the FaroArm CMM technique to conduct the shape 
capturing of horse hooves. This requires all the reference points required by representative hoof 
wall template recorded in addition to those control points re.quireo to capture the shape, which 
include: the reference sites on reference line I (see Fig. 5.4), reference sites on reference line at 
widest points, reference sites on reference line 4 and reference sites on reference line 5 . 
Although in this work the FaroArm CMM is adopted to provide the 3D shape of the hoof wall, it 
could consider adopting and developing other techniques and instruments. For example, a 3D 
laser scanner could be considered to capture the shape from a live horse in the future when the 
techniques are improved. In that case it should consider marking the reference point by objects 
identifiable by the scanner. 
Key shape factors 
The representative hoof wall template constructed in this work contains 62 parameters, among 
which most parameters are constructed for a modelling reason. As the template will be used to 
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investigate the effects of key shape factors related the management of the foot, it is necessary to 
define those key shape factors as differences exist in the definitions among different researchers. 
These include: OHWA, OHWL, HA, lateral hoof wall angle (LHWA) and medial hoof wall angle 
(MHWA). 
The shape factors of OHWL and OHW A are the linear distance and inclination when measured at 
the dorsal aspect of the hoof. Although the reference point from which the measurement is taken 
varied among different researchers and different approaches were adopted, there is a general 
agreement that these two parameters reflect the linear distance and inclinations of the hoof wall 
when measured in the OP plane. This practice is followed, in this representative hoof wall 
template, by the way in which the parameters of OHWL and OHW A are identified and the values 
are established. The OHW A is defined as the inclination of the hoof wall at the dorsal aspect 
when measured from the POHWB in the OP plane. The OHWL is defined as the linear distance 
between the POHWB and the POHWC (see Fig. 5.6). 
In farriery practice it is very common to relate the HA to the OHW A. When this is done, the HA 
refers to the inclination seen in the OP plane. This ignores the inclination of the heel in the LM 
plane. To overcome that here, it is found necessary to clarifY th·e situation with four parameters-
the heel angle on the OP plane at the left and right side, and the heel angles on the LM plane at the 
left and right side. They are: HA_OP_L HA_OP_R HA_LM_L and HA_LM_R. [n this 
representative hoof wall template the shape factor of HA is defined as the average of the lateral 
and medial heel angle when measured in the OP plane, which can be expressed as : 
HA=1I2(HA_OP _L+ HA_OP _R) 
The definitions of shape factors of LHW A and MHW A are confusing among different 
researchers. Hollands (2004) defined a 'quarter angle' as 'the angle that the hoof wall makes with 
the ground at the widest point of the quarters'. This definition is confusing because the hoof wall 
extends in the 3D spatial space rather than a 2D straight line, and as a result, the inclination 
cannot be defined by indicating only one point. [n fact, these two shape factors are related to the 
issue of LM balance, and therefore should reflect the inclinations in the LM plane. Two 
parameters are used to reflect the inclinations of the hoof wall at the widest points in the LM 
plane in this representative hoof wall template, which are: HWA_ WHW _LM_L and 
HWA WHW LM L. 
- --
For a left foot, 
LHWA= HWA_WHW_LM_L; MHWA= HWA_WHW_LM_R; 
For a right foot, 
LHWA= HWA_WHW _LM_R; MHWA= HWA_WHW_LM_L. 
5.9 Conclusion 
This chapter presents the work of shape characterization of the horse hoof and parametric 
modelling of the hoof wall. 
The horse hoof has been characterized by 62 parameters. Using these parameters a representative 
hoof wall template is constructed following a rational of constructing the BB outline on the solear 
aspect from a series of reference sites and then constructing the CB outline in the 3D spatial space 
from the computer based surface model by defining the linear distances and inclinations from 
each reference site on the BB outline. The parameters are defined in the CAD system in a way 
that they can be varied so that new geometries in a solid modelled form can be created by 
importing new values of parameters without repeating the construction work. 
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Chapter 6 Validation of the capturing and 
characterization protocols 
6.1 Introduction 
The 3D shape capturing and characterization of a horse hoof has been presented in previous 
chapters 3,4, and 5. Protocols for capturing the shape of the hoof capsule by 3D laser scanning 
techniques and FaroArm CMM have been established. The shape of the hoof wall has been 
characterized by 62 parameters. Based on this a parametric hoof wall template has been 
constructed to generate geometric forms for modelling and simulation purposes. However, it is 
difficult to understand how accurate the techniques and protocols are in capturing and 
characterizing the shape of the hoof capsule without undertaking some validation work. 
The aim of this chapter is to present the validation work undertaken for: 
• Shape capturing techniques and protocols of a horse hoof including: the 3D laser 
scanning capturing presented in chapter 3, and the FaroArm CMM capturing presented in 
chapter 4; 
• Shape characterization and the parametric representative hoof wall template presented in 
chapter 5. 
6.2 Validations of 3D capturing techniques 
6.2.1 Material and methods 
Summary of methodology 
Validations of 3D capturing techniques are conducted using three representative hoof geometric 
forms. The three representative hoof geometric forms are: I) representative donkey hoof (as in 
the CAD solid model Ch4-5 and RP physical model Ch4-7), 2) representative horse hoof (as in 
the CAD solid model Ch4-6 and RP physical model Ch4-8); 3) cone based horse hoof presented 
in this section. The methodology to be used for the validation of the shape capturing techniques 
will be done in three steps: 
I) CAD solid models are constructed in the CAD package for each of the representative 
geometric forms. The CAD solid models are then produced by the RP process. In this 
manner, each of the geometric forms has been achieved both physically and in computer. 
2) The RP models of all geometric forms are captured by 3D capturing techniques (3D laser 
scanning technique and FaroArm CMM). CAD surface models are constructed following 
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protocols provided for each of the capturing technique, as presented in Chapter 3 and 
Chapter 4. 
3) The created CAD surface models are compared with the original CAD solid models to 
gain an understanding of the accuracy of the capturing techniques. 
Cone based hoof geometric form 
A simplified geometric represcntation of a horse hoof wall is constructed. It is used for the 
geometrically defined reference model for validation purposes. This simplified geometric form is 
constructed as a solid inclined truncated cone in Unigraphics NX4: the parameters of WHW and 
LHWA are used to define the diameter and angle ofa cone (see Fig. 6.I(a». The cone is inclined 
in the yz plane to achieve the parameter of DHWA (see Fig. 6.1(b». While inclined in the yz 
plane, the LHWA is fixed. It is then truncated at the caudal aspect by linear distance parameter of 
CD and angular parameter of HA (see Fig. 6.I(c» and at the proximal aspect to achieve the 
DHWL and HL (see Fig. 6.I(d». Thus the external surface of the simplified hoof wall is 
constructed using these parameters. 
(a) Original cone (b) Incline along central axis to (c) Truncate to achieve HA and CD 
achieve DHW A 
x.J 
y x 
(e) Representative geometric form (d) Truncate to achieve HL and DHWL 
Fig. 6.1 Construction ofa simplified cone based geometric representation ofa horse hoof cone 
based horse hoof wall. 
The values of the parameters are adopted from the average values of the control group of horse 
hooves in Kane et aI., (1998) as given in Table 6.1. 
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Parameter Value 
DHWA 50.70 
DHWL 88.9mm 
HA 41.60 
HL 43.5mm 
WHW 124.5mm 
CD 115.6mm 
LHWA 72.70 
Table 6.1 Values of the parameters for the simplified horse hoof geometry 
(after Kane et al., 1998). 
The external surface is given an internal thickness of 1O.5mm at the dorsum, and tapered to 7mm 
at the caudal aspect to achieve a varied hoof wall thickness. This CAD ~olid model (model code: 
Ch6-1; see Fig. 6.2) is then produced by the RP process to achieve a physical RP model (model 
code: Ch6-2) for the simplified geometric representation. 
z 
x-l 
y 
z 
y 
Fig. 6.2 The simplified cone based geometric representation of a horse hoof used for validation. 
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Registration of models 
All the RP models for all three geometric forms produced from the CAD solid models (Ch4-7, 
Ch4-8 and Ch6-2) are used as target objects by the Fastscan COBRA scanner and the FaroArm 
CMM. CAD surface models are constructed from data captured following corresponding 
protocols established in previous chapters. The resulting surface model captured have the codes: 
Ch6-3, Ch6-4 and Ch6-5 for the CAD surface models generated by the 3D laser scanning 
technique, and Ch6-6, Ch6-7 and Ch6-8 for the CAD surface models generated by the FaroArm 
CMM technique. To enable comparisons between different models, it is necessary to define the 
registration for all models so that the derived CAD surface models can be superimposed on the 
original CAD solid model and the differences noted. 
For all the models, the solear aspect is defined to be in the xy plane, and the direction from distal 
to proximal along the perpendicular line ofxy plane is defined as the direction ofz axis, which is 
in accordance with section 4.5.1. Three points are adopted to register all models. These three 
points are: the PLHB, PMHB and the PDHWB (see Fig. 5.3 in section 5.4). They are pre-defined 
in all original CAD solid models (model code: Ch4-5, CM-6, and Ch6-1), and marked on the RP 
models (model code:Ch4-7, CM-8, and Ch6-2) by pencil for the FaroArm CMM capture or by a 
small but recognizable bulge made by blue tack for a laser scanning so that they can be recorded 
for the captured CAD surface models. 
Compare models 
The comparison of two superimposed candidate models is conducted by calculating the 
magnitude of linear distance between two points on the two surfaces at the same inspection site. 
To achieve an even distribution for the comparison, two sets of section planes are used to define 
the locations of the inspection site. The first set of section planes are applied perpendiCUlar with 
DHW, from BB to CB at the same intervals depending on the size of geometric forms (Fig. 6.3). 
The intersection of these planes with the outside surface of the hoof provides a horse hoof shape 
outline, where these outlines are intersected by the second set of planes. This will provide the 
inspection sites. The second set of section planes are applied by a series of planes perpendicular 
to the xy plane at an interval of 20· through an axis parallel to the z axis. This axis is positioned 
on the central axis of the solear aspect at a linear distance 50%CD from the point of DHW at BB 
level. Inspection sites are achieved by the combination of planes from different sets. In this 
manner, inspection sites are distributed throughout the entire surface of each model. 
All statistical analyses are performed using Minitab 15 (manufacturer's address is listed in 
Appendix G). Each set of magnitude of linear distances between the original CAD solid model 
and the surface model achieved from the capturing techniques are tested for normality using the 
Anderson Darling test of Normality at an a-level of 0.05. Comparisons of different sets of data 
are performed by two-sample t-test at an a-level of 0.05. 
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DHW 
/ first set of section planes 
J-y 
x 
Fig. 6.3 The first set of section planes applied on the simplified (cone based) horse hoof 
geometry to achieve the distribution of inspection sites. 
second set of section planes 
z 
'---1 y 
Fig. 6.4 The second set of section planes applied to achieve the distribution of inspection sites. 
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6.2.2 Results 
The magnitude of the linear distances between the original CAD solid models (model code: Ch4· 
5, Ch4-6 and Ch6-l respectively) and the CAD surface models achieved by the 3D laser scanner 
(model code: Ch6-3, Ch6-4 and Ch6-5 respectively) at each inspection site are listed in Table 6.2, 
Table 6.3 and Table 6.4. 
~ Length (m';) 40 60 80 100 120 140 160 180 
5 LID 1.33 0.79 
IS 1.63 0.95 1.25 1.11 0,93 
25 1.46 0.99 1.10 1.28 1.28 0.77 0.72 
35 1.66 1.05 1.04 0,70 0.91 0.89 0.97 0,87 
45 1.27 0.35 0.69 0.72 0.64 0.77 0.89 0.93 
SS 0.80 0.27 0.74 0.86 0.86 0.74 1.09 1.15 
65 0.91 1.78 0.16 0.51 0.90 
~ I.ength (m';) 200 220 240 260 280 300 320 
5 0.88 1.08 
IS 0.78 0.30 0.59 0.82 
25 0.86 0.50 0.53 0.96 1.36 1.26 
35 0.90 0.77 0.77 \.\3 1.49 1.40 1.28 
45 1.20 1.32 1.25 1.47 1.58 1.42 1.50 
SS 1.44 1.77 1.64 1.34 1.18 1.05 1.72 
65 1.73 1.28 1.26 1.81 1.60 
Table 6.2 Magnitude of linear distances (in millimetres) between the original CAD solid model 
Ch4-5 (representative donkey hoof) and the CAD surface model Ch6-3 at each inspection site. 
~ Length (m';) 40 60 80 100 120 140 160 180 
8 1.04 0.80 0.75 
20 1.00 1.17 0.98 0.91 
32 1.05 0.86 1.20 1.09 0.93 
44 1.18 0.92 1.07 1.05 1.06 0.99 
56 1.36 0.68 0.96 1.07 0.99 1.02 1.01 
68 1.08 1.02 1.06 0.82 0.96 0.95 1.01 0.98 
80 1.34 0.80 1.01 0.91 0.85 1.50 0.67 0.71 
92 0.85 0.77 0.79 0.90 
~ Length (mm) 200 220 240 260 280 300 320 
8 0.67 1.05 
20 0.78 1.07 0.74 
32 0.98 0.98 0,90 0.87 
44 1.18 0.88 1.10 0.94 0.98 
56 1.11 0.96 1.15 0.94 0.92 1.25 
68 1.14 1.08 1.17 0.98 1.09 1.21 0.86 
80 0.75 1.09 0.84 1.16 1.18 1.23 1.10 
92 1.39 1.15 1.27 1.46 
Table 6.3 Magnitude oflinear distances (in millimetres) between the original CAD solid model 
Ch4-6 (representative horse hoof) and the CAD surface model Ch6-4 at each inspection site. 
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~ L.ength /m';' 40 60 80 100 110 140 160 180 
8 1.03 0.82 0.71 
20 0.99 1.16 0.97 0.90 
32 0.84 0.85 1.19 1.08 0.92 
" 
1.07 0,91 0,94 1.04 1.05 0.98 
56 1.36 0.93 0,85 0,93 0.98 1.01 1.00 
68 1.37 1.01 0.77 0.95 0.85 0,94 1.00 0.91 
80 1.30 0.83 1.00 1.00 0.84 0,81 0,99 1.19 
92 1.23 0.73 0.77 
~ Length (m';) 200 220 240 260 280 300 320 
8 1.18 1.23 
20 0.79 0.68 0.58 
32 0.97 0.77 0.89 0,86 
44 1.17 0.87 1.09 0,93 0,97 
56 L27 0.95 1.21 0,93 0,91 1.27 1.24 
68 0.74 1.07 0.74 0,97 1.08 1.20 1.09 
80 0.72 1.08 1.21 1.23 1.\7 1.26 1.48 
92 1.65 
Table 6.4 Magnitude of linear distances (in millimetres) between the original CAD solid model 
Ch6-1 (cone based horse hoof) and the CAD surface model Ch6-5 at each inspection site. 
Magnitude of linear distances between the original CAD solid models (model code: Ch4-5, Ch4-6 
and Ch6-l respectively) and the CAD surface models achieved by FaroArm CMM (model code: 
Ch6-6, Ch6-7 and Ch6-8 respectively) at each inspection site are listed in Table 6.5, Table 6.6 and 
Table 6.7. 
~ Length (mm) 40 60 80 100 110 140 160 180 
5 0,62 0.44 0.68 
15 0.59 0.31 0.37 0.52 0.57 
25 0.74 0.52 0.41 0.44 0.37 0.60 0.41 
J5 0.47 0.54 0.41 0.29 0.43 0.41 0.41 0.35 
45 0.40 0.68 0.41 0.34 0.51 0,67 0.53 0.38 
ss 0.66 0.30 0.49 0.43 0.52 0.71 0.55 DAD 
65 0.55 0.38 0.68 0.54 0.46 
~ Length (mm) 200 220 240 260 280 300 320 
5 0.27 0.47 
15 0.24 0.26 0.54 0.48 
25 0.47 0.42 0.41 0.37 0.47 0.24 
J5 0.43 0.54 052 0.50 0.52 0.36 0.75 
45 0.25 0.45 0.37 0.33 0.63 0.43 0.91 
" 
0.33 0.24 054 0.47 0.73 0.57 0.84 
65 0.50 0.55 0.78 0.67 0.80 
Table 6.5 Magnitude oflinear distances (in millimetres) between the original CAD solid model 
Ch4-5 (representative donkey hoof) and the CAD surface model Ch6-6 at each inspection site. 
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~ Leo;)th (mm 40 60 80 100 110 140 160 180 
8 0.33 0.18 0,19 
20 0.68 0.75 0,33 0.12 
Jl 0.55 0.57 0.62 0,49 0.25 
44 0.54 0,49 0.53 0.75 0.65 0.39 
56 0.58 0,58 0.57 0.57 0.67 0.38 0.52 
68 0.75 0.53 0,58 0.61 0.66 0.80 0.66 0,66 
80 0.59 0.53 0.52 0.72 0,42 0.64 0.45 0.84 
92 0,62 0.47 0,48 0.50 
~ ~r;:)th 200 llO 240 260 280 300 320 
8 0.39 0,49 
20 0.47 0.56 0,65 
32 0,46 0.61 0,63 O.5J 
44 0.54 0.64 0.56 0.64 0.51 
56 0,61 0,67 0.58 0.70 0.58 0.60 
68 0,69 0,67 0.57 0.61 0.59 0.67 0.71 
80 0.72 0.65 0.51 0.60 0.74 0.56 0.59 
9l 0.57 0.65 0.75 0.71 
Table 6.6 Magnitude of linear distances (in millimetres) between the original CAD solid model 
Ch4-6 (representative horse hoof) and the CAD surface model Ch6-7 at each inspection site. 
~ length (mm) 40 60 80 100 110 140 160 ISO 
8 0.60 0.62 0.44 
20 0.27 0.54 0.57 0.47 
32 0.39 0,46 0.57 0.56 0.48 
44 0.51 0.59 0.63 0.60 0.63 0.57 
5. 0.51 0.60 0.73 0.76 0.60 0.60 0,66 
68 0.55 0.52 0.68 0.72 0.87 0.60 0.60 0.75 
80 0.34 0.52 0.15 0.85 0.83 0.58 0.70 0,81 
92 0,52 0,49 0.59 
~ Length (m';L 200 llO 240 260 280 300 320 
8 0.17 OAI 
20 0.28 051 0.47 
32 0.39 0.66 0.58 0.26 
44 0.51 0.68 0.44 0.65 0.59 
56 0.62 0.74 0.58 0.66 0.55 0.31 0.87 
68 0.72 0.69 0.59 0.62 0.48 0.19 0.59 
80 0.46 0.81 0.65 0.53 0.38 0.47 0.18 
9l 0.31 
Table 6.7 Magnitude oflinear distances (in millimetres) between the original CAD solid model 
Ch6-1 (cone based horse hoof) and the CAD surface model Ch6-S at each inspection site. 
The mean and standard deviation (SD) results for each set of data are listed in Table 6.S. The p-
values for nonnality testing of each set of data are also included. 
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Data set Data achieved n Mean SD p 
code (mm) (mm) 
scan- Magnitude of linear distance between the original 81 1.050 0.143 0.265 
donkey CAD solid model and the CAD surface model 
achieved by 3D laser scanning capturing In 
representative donkey hoof: (Ch4-5 vs. Ch6-3, list 
in Table 6.2 ) 
CMM- Magnitude of linear distance between the original 81 0.490 0.148 0.077 
donkey CAD solid model and the CAD surface model 
achieved by FaroArm CMM capturing In 
representative donkey hoof: (Ch4-5 vs. Ch6-6, list 
in Table 6.5 ) 
scan-horse Magnitude of linear distance between the original 82 1.0lO 0.177 0.688 
CAD solid model and the CAD surface model 
achieved by 3D laser scanning capturing In 
representative horse hoof: (Ch4-6 vs. Ch6-4, list in 
Table 6.3) 
CMM- Magnitude of linear distance between the original 82 0.594 0.182 0.412 
horse CAD solid model and the CAD surface model 
achieved by FaroArm CMM capturing In 
representative horse hoof: (Ch4-6 vs. Ch6-7, list in 
Table 6.6) 
scan-cone Magnitude of linear distance between the original 79 1.006 0.196 0.161 
based CAD solid model and the CAD surface model 
horse achieved by 3D laser scanning capturing in cone 
based representation of horse hoof wall: (Ch6-1 vs. 
Ch6-5, list in Table 6.4 ) 
CMM- Magnitude of linear distance between the original 79 0.537 0.186 0.212 
cone based CAD solid model and the CAD surface model 
horse achieved by FaroArm CMM capturing in 
simplified representation of horse hoof wall: (Ch6-
I vs. Ch6-8, list in Table 6.7 ) 
Table 6.8 Mean and SO for each set of data. 
The quality of the mean and SO value in each geometry shows that in all the three geometric 
forms, the magnitude linear distance data achieved by FaroArm CMM capturing is less than that 
achieved by a 3D laser scanning capturing, which indicates that the accuracy by a FaroArm CMM 
capturing is better than that by a 3D laser scanning capturing in all three geometries. Further 
statistical analysis indicates that the 3D laser scanning technique affords consistent accuracy in all 
three geometric forms although they have different size and shapes. The accuracy by a FaroArm 
CMM however is likely to be affected by morphology of the geometric form. They are given in 
AppendixA. 
6.2.3 Discussion 
The validation work of the shape capturing techniques and protocols in this work aims to gain an 
understanding of how accurately the techniques and protocols provided in previous chapters 
capture the shape of a hoof capsule. Therefore the validation work is conducted by comparing 
original representative 'hoof shape' geometric forms with the model created by the capturing 
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technique and protocols. Pre-constructed computer based geometric forms are adopted instead of 
real hoof capsules. The advantage is that the comparison can be made at any position on the hoof 
capsule by ' cutting' the model virtually in the computer, which is difficult to conduct for a real 
hoof capsule. The disadvantage is that neither the pre-constructed geometric forms nor the RP 
physical models produced from the CAD solid models can demonstrate the actual difficulties in 
capturing a real foot. Firstly, all the pre-constructed geometric forms. although constructed by 
different researchers by different methods, have been simplified during construction. For 
example, the hoof wall between the CB and BB is simplified to be straight in all the three 
constructed geometric forms (see dashed lines in (b), (c) and (d) of Fig. 6.5 ) while curvature 
structures are common in a real hoof (see dashed line in (a) of fig. 6.5). 
(b) The representative 
donkey hoof 
(a) A real hoof 
(c) The representative 
horse hoof 
(d) The cone based horse hoof 
Fig. 6.5 Comparison of the hoof wall surface between the CB and BB outline between a real 
horse hoof and CAD solid models. 
On the other hand, the RP models have decreased difficulties caused by surface conditions in the 
shape capturing procedure. As demonstrated in Chapter 3, surface conditions including colour 
and moothness could affect the scanning result for a 3D laser scan process. The working 
environment could also affect the reflection of laser signals. These difficulties are minimized by 
RP models because both the surface conditions and working environment have been con figured to 
be ' ideal'. For example, high sensitivity has to be configured when scanning a hoof with dark 
colour and shiny surface by the scanning of fastscan COBRA, which could cause redundant data. 
It is not necessary for any of the RP models adopted in this work as all the geometric forms have a 
light colour which is sensitive to a laser scanner. 
However, all the geometric forms have similarities with a real hoof in solear aspects, inclinations 
in the DP and LM plane, which represents the major shape character of a real hoof. 
Validation of 3D laser scan capturing shows that the 3D laser scanning technique affords 
consistent accuracy in all three geometric forms although they have different size and shapes. For 
all the three geometric forms the average magnitude of linear distance between the external 
surface of the original CAD solid models and the CAD surface model derived from scanning 
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capturing is 1.0-1.1 mm. The surface construction in 3 D laser scan process is made by computer 
software depending on the density of points which have been detected at each position. Therefore 
comparing with morphology information, 3D laser scanning process is affected more by surface 
conditions which could affect the detection of laser signals. Errors could also be introduced in 
surface construction by computer software during the processes of repairing and wrapping 
surfaces. However in this work all the three geometric forms have similar surface conditions and 
are scanned in the same environment. This could be the reason that the accuracy is consistent in 
different geometric forms. 
Validation of FaroArm CMM capturing shows that the average linear distance between the 
external surface of the original CAD solid models and the CAD surface models derived from 
CMM varies among the three geometric forms (0.490 mm, 0.594 mm, and 0.537mm). It is likely 
to be affected by morphology of the geometric form. The FaroArm CMM capturing technique is 
a contact technique in which surface details are picked manually by control points and re-
constructed in computer from those control points. The choice of control points selection is made 
based largely on the shape of the hoof capsule, as presented in Chapter 4. Therefore errors could 
be introduced not only in the data collection process but also in surface construction from control 
points afterwards. That could be the main reason that the accuracy varies in three different 
geometric forms which have different shapes. 
The comparisons between the two capturing techniques in each of the geometric form indicate 
that the FaroArm CMM is more accurate than the 3D laser scan in each of the geometric form. 
The mean magnitudes of linear distances achieved in CMM capturing are 53.3%, 41.2% and 
46.6% less than that in 3 D laser scan in the representative donkey hoof, the representative horse 
hoof and the simplified representation of a horse hoof wall respectively. Considering the 
accuracy of the 3D laser scan, which is affected mainly by the surface condition and working 
environment, it has been conducted in an 'ideal' situation in this work and could be decreased 
greatly in a real situation, it is reasonable to believe that the shape capturing of a FaroArm CMM 
protocol is better than a 3D laser scan at the current stage of development. 
6.3 Validation of parametric representative hoof wall template 
6.3.1 Methodology 
The parametric representative hoof template (model code: Ch5-l) presented in chapter 5 is 
constructed by 62 variable parameters. The measurement taking protocols are also given for all 
these 62 parameters, which include linear distance measurements on solear aspect taken from the 
BB sketches traces on the graph paper, and linear distance and inclinations parameters taken from 
3D computer based model in spatial space. The aim is to measure, and characterize a horse hoof 
by parameters and use these parameters to automatically generate a computer model 
representation of the target hooves. How good this computer model is compared to the original 
target hoof will depend on: a) parametric rule - how complete is the information available when 
the hoof is characterized by 62 parameters; b) measurement taking protocols -how accurate are 
the measurements taken. For this reason, the validation process needs to cover the assessments of 
a) and b) above. 
The validation of parametric rule is conducted by the CAD solid model Ch6-l (the cone based 
horse hoof) (Fig.6.2). The CAD solid model (model code Ch6-9) is constructed by importing 
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values of parameters taken directly from the original CAD solid model Ch6-1 by computer 
analysis tools into the representative hoof wall template ChS-I. The new CAD solid model Ch6-9 
is registered in accordance with section 6.2.1 and superimposed on the original CAD solid model 
Ch6-1 to make a comparison. 
The validation of the measurement taking protocol is conducted by CAD solid model Ch6-1 and 
RP model Ch6-2. CAD solid model (model code: Ch6-IO) is constructed by importing parameter 
values taken from RP model Ch6-2 following protocols provided in chapter S into the 
representative hoof wall template (ChS-I): linear distance measurements on solear aspect are 
taken from the BB sketch traced on graph paper from the physical model, and the angular and 
linear distance measurements in the spatial space are taken from 3D model created from FaroArm 
CMM technique. This CAD solid model (Ch6-1 0) is then registered in accordance with sec.tion 
6.2.1, and superimposed with the original CAD solid model Ch6-1 to make a comparison. 
6.3.2 Results 
The 62 parameters are made of \0 key parameters, 28 sol ear aspect parameters and 24 spatial 
space parameters. The parameter values are established in Table 6.9 (for key parameters), Table 
6.10 (for soleaT aspect parameters) and Table 6.11 (for spatial space parameters). 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
}(ey paranteters 
Value Values established by 
established following protocols 
directly front provided in chapter 5 
Paranteter nante ntodel Ch6-1 front RP ntodel Ch6-2 
Dorsal hoof wall angle (DHWA) 50.7· 50.1· 
Dorsal hoof wall length (DHWL) 88.9mm 87.6· 
Heel angle on DP plane left (HA DP L) 41.6· 41.8· 
Heel angle on DP plane right (HA DP R) 41.6· 41.8· 
Heel length left (HL L) 43.5mm 42.0mm 
Heel length left (HL R) 43.5mm 42.lmm 
capsule depth (CD) 115.6mm 115.4mm 
widest hoof width (WHW) 124.5mm 124.4mm 
Hoof wall angle on LM plane on WHW left 
(HWA WHW LM L) 71.7· 72.1· 
Hoofwall angle on LM plane on WHW 
right (HWA WHW LM R) 71.7· 72.0· 
Table 6.9 Values of key parameters established directly from CAD solid model Ch6-1, and 
established from RP model Ch6-2 for validations of representative hoof wall template. 
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Solear aspect parameters 
Values established by 
Value established following protocols 
directly from model provided in chapter 5 from 
Parameter name Ch6-1 RP model Ch6-2 
II measurement site widest hoof 61.7 mm 61.5 mm 
width (S WHW) 
12 widest hoof width left 62.3 mm 62.2 mm (WHW L) 
13 heel width (HW) 65.0 mm 65.6 mm 
14 heel width left (HW L) 32.0mm 32.8mm 
15 measurement site I (S I) 28.9mm 28.8mm 
16 measurement site 2 (S 2) 46.2mm 46.3mmm 
17 measurement site 3 (S 3) 69.4mm 69.3mm 
18 measurement site 4 {S 4) 86.7mm 86.6mm 
19 measurement site 5 (S 5) 104.0mm 103.9mm 
20 wall thickness at 10.5mm 10.5mm DHW(TH DHW) 
21 wall thickness I (TH I) 11.8mm l1.7mm 
22 wall thickness 2 (TH 2) 9.0mm 9.lmm 
23 wall thickness 3 (TH 3) 8.4mm 8.4mm 
24 wall thickness 4 (TH 4) 8.9mm 8.9mm 
25 wall thickness 5 (TH 5) 13.5mm 13.4mm 
26 wall thickness at WHW 8.6mm 8.7mm (TH WHW) 
27 hoof width I (WH I) 105.Omm 104.4mm 
28 hoof width I left (WH I L) 52.5mm 52.2mm 
29 hoof width 2 (WH 2) 120.0mm 119.lmm 
30 hoof width 2 left (WH 2 L) 60.0mm 59.6mm 
31 hoof width 3 (WH 3) 123.8mm 124.2mm 
32 hoof width 3 left (WH 3 L) 61.9mm 62.lmm 
33 hoofwidth 4 (WH 4) 115.Omm 115.5mm 
34 hoof width 4 left (WH 4 L) 57.5mm 57.8mm 
35 hoof width 5 (WH 5) 79.0mm 79.6mm 
36 hoof width 5 left (WH 5 L) 39.6mm 39.2mm 
37 bar angle 45.0" 45' 
38 bar length 30.0mm 30.0mm 
Table 6.10 Values of parameters on solear aspect established directly from CAD solid model 
Ch6-1, and established from RP model Ch6-2 for validations of representative hoof wall template. 
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Spatial space parameters 
Values established by 
Value established following protocols 
directly from provided in chapter 5 
Parameter name model Ch6-1 from RP model Ch6-2 
39 Hoof wall angle on DP plane on 46.2' 46.3' 
measurement site I left (HW A I DP L) 
40 Hoof wall angle on OP plane on 46.2' 46.3' 
measurement site 1 right (HWA 1 OP R) 
41 Hoof wall angle on LM plane on 79.S' 79.S' 
measurement site 1 leftjHWA 1 LM L). 
42 Hoof wall angle on LM plane on 79.S' 79.9' 
measurement site 1 right (HWA 1 LM R) 
43 Hoofwall angle on DP plane on 
measurement site 2 left (HWA_2_DP _L) 46.2' 46.3' 
44 Hoof wall angle on OP plane on 46.2' 46.3' 
measurement site 2 right (HWA 2 OP R) 
45 Hoof wall angle on LM plane on 77.2' 77.2' 
measurement site 2 left (HWA 2 LM L) 
46 Hoof wall angle on LM plane on 77.2' 77.7" 
measurement site 2 right (HWA 2 LM R~ 
47 Hoofwall angle on DP plane on 
measurement site 3 left (HWA_3_DP_L) 46.2' 46.3' 
4S Hoof wall angle on OP plane on 46.2' 46.3' 
measurement site 3 right (HWA 3 OP R~ 
49 Hoof wall angle on LM plane on 74.2' 74.3' 
measurement site 3 left (HWA 3 LM L) 
50 Hoof wall angle on LM plane on 74.2' 74.5' 
measurement site 3 right (HWA 3 LM R) 
51 Hoofwall angle on DP plane on 46.2' 46.3' 
measurement site 4 left (HWA 4 DP L) 
52 Hoof wall angle on OP plane on 46.2' 46.3' 
measurement site 4 riQht (HWA 14 OP R) 
53 Hoof wall angle on LM plane on 72.6' 73.0' 
measurement site 4 left (HWA 4 LM LL 
54 Hoof wall angle on LM plane on 72.6' 72.9' 
measurement site 4 right (HWA 4 LM R) 
55 Hoof wall angle on DP plane on 46.2' 46.3' 
measurement site 5 left (HWA 5 DP L) 
56 Hoof wall angle on OP plane on 46.2' 46.3' 
measurement site 5 right (HWA 5 OP R) 
57 Hoof wall angle on LM plane on 71.0' 71.1' 
measurement site 5 left (HWA 5 LM L). 
5S Hoof wall angle on LM plane on 71.0' 71.0' 
measurement site 5 right (HWA 5 LM R) 
59 Hoof wall angle on OP plane on WHW left 46.2' 46.3' (HWA WHW OP L) 
60 Hoof wall angle on OP plane on WHW right 46.2' 46.3' (HWA WHW OP R) 
61 Heel angle on LM plane left (HA LM L) 73.0' 73.4' 
62 Heel angle on LM plane right (HA LM R) 73.0' 73.4' 
Table 6,11 Values of parameters on spatial space taken directly from CAD solid model Ch6-1, 
and taken from RP model Ch6-2 for validations of representative hoof wall template. 
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Comparisons between the original CAD solid model (Cb6-1) and solid models constructed by the 
representative hoof wall template in both parts of validation (Ch6-9, Ch6-IO) are made on both 
external surface and internal surface at the inspection site presented in section 6.2.1 (see Fig. 6.3 
and Fig. 6.4). The comparison of two superimposed candidate models is conducted by calculating 
the magnitude of linear distance between two points on the two surfaces at the same inspection 
site. 
Validation of parametric rule 
The superimposed result of the original CAD solid model (Ch6-1) (green body with blue edges) 
on the new solid model (Ch6-9) constructed from representative hoof wall template for validation 
of parametric rule is shown in Fig. 6.6. 
@-_ x 
y 
z 
View 1 
Fig. 6.6 Comparison of original CAD solid model (Ch6-1) and new solid model (Ch6-9). 
The comparison of the two models shows a great agreement on the external surface of the hoof 
wall. The internal surface, on the other hand, slightly varies at the dorsal aspect of the CB outline 
(see area 1 in Fig. 6.6) of the hoof wall. 
The magnitude of linear distances between the external surface of the original CAD solid model 
Cb6-1 and the external surface of the solid model Ch6-9, which is constructed for validation of 
parametric rule are listed in Table 6.12. The equivalent table for the internal surface is sbown in 
Table 6.13. 
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~ Length Cm";-) 40 60 80 100 120 140 160 180 
8 0.16 0.10 0.05 
20 0.13 0.14 0.10 0.07 
32 0.14 0.14 0.17 0.10 0,11 
44 0.16 0.13 0.03 0.11 0.08 0,10 
56 0.16 0.14 0.12 0.01 0.18 0.13 0.11 
68 0.16 0.10 0.11 0.13 0.02 0.11 0.15 0.11 
80 0.15 0.19 0.09 0,13 0,15 0.18 0.11 0.08 
92 0.20 0.23 0.00 0.17 
~ Length Cm";-' 200 220 240 260 280 300 320 
8 0.13 0.15 
20 0.11 0.13 0.04 
32 0.07 0.12 0.11 0.07 
44 0.06 0.05 0.12 0.10 0.15 
'6 0.05 0.05 0.07 0.\3 0.16 0.17 0.17 
68 0.03 0.11 0.04 0.17 0.11 0.14 0.26 
80 0.15 0.06 0.20 0.22 0,10 0.12 0.10 
92 0.17 
Table 6.12 Magnitude of linear distance (in millimetres) between the external surface of model 
Ch6-1 and model Ch6-9 at each inspection site. 
~ Length . (m';l 40 60 80 100 120 140 160 180 
8 0.42 0.45 0.61 
20 0.35 0.45 0.52 0.69 
32 0.12 0.49 0.50 0.57 0.71 
44 om 0.41 0.55 0.58 0.73 0.83 
'6 0.21 0.25 0.47 0.56 0.68 0.87 0.84 
68 0,37 0.15 0.36 0.52 0,65 0.8\ 0.90 0.90 
80 0.34 0,05 0.40 0.53 0.69 0.86 0.42 0.90 
92 0.28 0.00 0.91 
~ Length Cm";-) 200 220 240 260 280 300 320 
8 0.43 0.40 
20 0.48 0.44 0.38 
32 0.53 0.50 0.49 0.09 
44 0.60 0.55 0.55 0.29 0.36 
'6 0.82 0.72 0.62 0.41 0.25 0.21 0.14 
68 0.87 0.82 0.71 0.44 0.19 0.16 0.20 
80 0.89 0.86 0,80 0.47 0.04 0.09 0.30 
92 0.02 
Table 6.13 Magnitude of linear distance (in millimetres) between the internal surface of model 
Ch6- I and model Ch6-9 at each inspection site. 
The mean and SD of the difference in external surface and internal surface between model Ch6-1 
and Ch6-9 are listed in Table 6. I 4. 
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----
n Mean SD 
Data set 
----
(mm) (mm) 
External surface 79 0.121 0.050 
Internal snrface 79 0.495 0.259 
Table 6.14 Mean and standard deviation of linear distances between the original geometry (Ch6-
I) and the derived model (Ch6-9) for validation of parametric rule. 
Validation of measurement taking protocol 
Magnitude of linear distances between the external surface of the original CAD solid model Ch6-
I and the external surface of the solid model Ch6-10, which is constructed for validation of 
measurement taking protocol are listed in Table 6.15. The equivalent table for the internal surface 
is shown in Table 6.16. Ch6-10 is modelled by importing values taken from the RP model Ch6-2 
into the parametric representative hoof wall template Ch5-1 following protocols presented in 
chapter 5. 
~ Length (m';' 40 60 80 (00 110 140 160 180 
S 0.71 0.75 0.50 
20 0.69 0.74 0.70 0.57 
32 0.75 0.87 0.76 0.65 0.61 
44 0.64 0.78 0.80 0.85 0.70 0.65 
56 0.71 0.80 0.64 0.83 0.86 0.84 0.79 
68 0,89 0.81 0.76 0.71 0.77 0.76 0,90 0.63 
80 0.74 0.81 0.86 0,89 0.85 0.94 0.76 0.77 
9l 0.83 1.19 0.00 0.79 
~ Length Cm';) 200 220 240 260 280 300 320 
8 0.77 0.78 
20 0.73 0.76 0.S8 
32 0.68 0.70 0.78 0.78 
44 0.83 0,82 0.83 0.86 0,63 
56 0.70 LID 1.18 0.61 0.72 0.85 0.98 
.. 0.87 0.89 0.85 0.87 0.71 0.95 0.97 
80 0.61 0.75 0.95 0.87 0.88 0.90 0,86 
91 0.61 
Table 6.15 Magnitude oflinear distance (in millimetres) between the external surface of model 
Ch6-1 and model Ch6-1 0 at each inspection site. 
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~ Length ~m,';i_ 40 60 80 100 110 140 160 180 
8 164 1.37 0.84 
20 1.80 1.49 Ll6 0.77 
32 1.68 1.33 1.33 0.81 0.76 
44 1.40 1.14 0.96 0.94 0.82 0.82 
56 1.51 1.08 0.75 0.68 0.81 0.94 0.98 
68 1.32 LID 0.74 0.37 0.41 0.79 1.14 1.20 
80 0.85 0.40 0.40 0.11 0.20 1.17 l.7J 
92 0.10 0.31 1.31 
~ Length (m';, 200 220 240 260 280 300 320 
• 0.42 0.13 
20 0.52 0.35 0.43 
32 0.72 0.55 0.57 1.00 
44 0.94 0.82 0.81 1.17 1.53 
56 1.24 1.36 1.30 1.52 1.63 \.45 1.89 
68 1.48 L8l 1.68 1.89 1.86 1.46 2.02 
80 1.41 0.87 1.77 1.92 2.20 1.55 2.16 
92 1.86 
Table 6.16 Magnitude oflinear distance (in millimetres) between the internal surface of model 
Ch6-l and model Ch6-l 0 at each inspection site. 
The mean and SD of the difference in external surface and internal surface between model Ch6-l 
and Ch6-l0 are listed in Table 6.17. 
n Mean SD 
Data set (mm) (mm) 
External snrface 79 0.795 0.258 
Internal surface 79 1.111 0.402 
Table 6.17 The mean and SD value of the linear distance between the original geometry (Ch6-1) 
and the derived model Ch6-1 0 at each inspection site. 
6.3.3 Discussion 
The validation of the parametric representative hoof wall template is conducted by the simplified 
(cone based) representation of a hoof wall rather than a real hoof capsule so that the comparison 
could be made by computer tools. In this artificial representation of a hoof wall, the shape of a 
hoof capsule is simplified as a truncated inclined cone as other researchers including Thomason et 
al., 1992; Hood and Jacobson, 1997; and Reilly (2001). The inclination and truncation are based 
on key parameters from the average values of the control group of horse hooves in Kane et al. 
(1998) to represent an 'average' shape. The limitation of this representation is that the shape of a 
hoof wall has been simplified, which may not represent all the difficulties in characterizing the 
shape of a real horse hoof. For example, the CAD solid model Ch6-1 has been simplified as 
lateromedially symmetric as the model is constructed· from a cone. Furthermore, it has not 
reflected the different inclinations in the medial and lateral side as the model is truncated from a 
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cone, which however occurs very often in real horse hooves. However, this geometric form has 
contained most key parameters concerned by farriery professionals and veterinaries, which could 
represent the majority of complexities of a real horse hoof. 
The validation of parametric rule shows that the characterization of external surface in the 
representative template affords a better accuracy than that of the internal surface (0.121 mm vs. 
0.495mm). This could be because the internal surfaces in both models have been constructed 
based on assumptions. The assumption in the parametric representative hoof wall template is· that 
the hoof wall thickness is uniform along tubules from CB to BB. This assumption has also been 
adopted when constructing the validation models (Ch6-1 and Ch6-2). The hoof wall thickness in 
validation models cannot be strictly controlled as the taper operation is conducted automatically 
by Unigraphics NX4. However, neither of them could represent the real thickness of a hoof wall. 
Therefore further validations of the internal surface should be considered for further work. For 
example, the shape of a hoof capsule captured by MRI scanning could probably provide more 
reasonable information of a hoof wall internal surface. 
The validation of measurement taking protocol shows that the average magnitude of linear 
distance between the external surface of the original CAD solid model and the new model created 
from representative hoof wall template is 0.795mm. This value is less than I % compared with the 
maximum linear distance measurements on the solear aspect (CD or WHW). Similarly, the 
external surface exhibits a better accuracy than the internal surface, with the average difference of 
1.lllmm. Comparing these values with the validation of parametric rule (0.12Imm vs. 0.795mm 
for the external hoof wall, and 0.495mm vs. 1.111 mm for the internal hoof wall ), it is reasonable 
to believe that errors are more easily introduced during measurement taking following 
measurement taking protocols. In the current stage, most angular and linear distance 
measurements are taken from the 3D surface model created from the FaroArm CMM technique, 
and the accuracy of the representative hoof wall template (Ch5-1) following current measurement 
taking protocols has to be related to the accuracy of FaroArm CMM capturing. However, if a new 
capturing technique and protocols (e.g., the ATOM system from GOM mbH,) with better 
accuracy could be adopted to capture the 3D shape of the hoof capsule, it is reasonable to believe 
that the accuracy of the representative hoof wall template could be improved. 
6.4 Conclusion 
o The 3D laser scan capturing shows a consistent accuracy in geometric forms with 
different morphology. The average difference throughout the entire geometry between 
the original geometry and the model derived from scan is 1.0-1.1 mm. 
o The accuracy of FaroArm CMM capturing is likely to vary among geometric forms with 
different morphology. The average difference throughout the entire geometry between 
the original geometric forms and the models derived from the FaroArm CMM are 
0.490mm, 0.594mm and 0.537mm respectively, which shows a better accuracy than 3D 
laser scan capturing. 
• The validation of the parametric representative hoof wall template is conducted by a 
simplified (cone based) geometric representation of a horse hoof in 79 inspection sites 
throughout the entire geometric form. The external hoof wall surface in the model 
created from the representative hoof wall template by importing parameter values 
achieved, following measurement taking protocols, affords an average difference of 
0.795mm in the 79 inspection sites with the original geometric form, which is less than 
I % of maximum linear distance measurements from the dorsal aspect to the caudal aspect 
on the solear surface. 
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7.1 Introduction 
The geometric shape of the hoof capsule is believed to be important in achieving the optimal force 
distribution within the foot. To achieve this, modem farriery management aims to achieve 
appropriate balance of the foot (Ba\ch et aI., 1991). In the OP plane, the OHW A was considered 
correct when the hoof and pastern are in alignment (Balch et al., 1991). HA is said to exhibit 
underrun heels when it is 5° less than the OHW A (Turner, 1992). A long OHWL was believed to 
delay breakover and increase tension on the palmar / plantar soft tissue support structures 
(Stashak et al., 2002). Medio-lateral hoof orientation, which was determined by the relationship 
of lateral and medial wall is thought to be one of the most challenging aspects of farriery although 
the goal of this approach is to centre the ground surface beneath the limb so that the hoof structure 
can bear the weight of the limb evenly (Stashak et al. 2002). 
Despite the belief that shape is important in achieving optimal force distribution, the effects of 
shape are poorly understood. The external shape of the domestic horse hoof capsule is often 
altered due to the effects offarriery. Many authors have reported that high risk injuries are related 
to the external hoof shape (Kane et al. , 1998; Stashak et al. 2002; Turner, 1992; 8a\ch et al., 
1993), but due to a poor understanding of the effects of external shape variations on 
biomechanical performance, it is not yet clear how hoof external shape is related to injury. 
Therefore although a high standard of husbandry from farrieries, veterinarians, and owners is 
required to maintain healthy feet, there is little basis on which to make clinical or evidence-based 
decisions. 
The finite element (FE) method provides a mathematical solution to the analysis of complex 
systems by sub-dividing the system into the individual components or 'elements', whose 
behaviour is readily understood. It then rebuilds the original system from such components to 
study its behaviour, (Zienkiewicz and Taylor, 2000). The FE modelling technique, which 
provides a sophisticated method of simulating the theoretical response of an object under loading 
based on material and structural properties, has great potential for investigating biomechanical 
function (Newlyn et al., 1998; Reilly, 2001). 
FE simulations have been used to investigate the effect of flat horseshoes, raised heels and 
lowered heels on hoof biomechanics (Hinterhofer, et aI., 2000); and to predict effects of farriery 
on the equine hoof (Hinterhofer, et al., 200 I); to analyse the strain and stress in the equine hoof 
capsule (Thomason et al., 2002) and to isolate the effects of hoof shape measurements 
(McClinchey et al., 2003). These reported FE models have followed a similar construction 
methodology to Newlyn et al. (1998) for the FE investigation of the donkey foot. However, there 
are still differences between models from different groups in the construction of the 'system' of 
the horse hoof capsule. The model of Hinterhofer et al. (2000, 200 I) contained bars which were 
lacking in the model of Thomason et al. (2002), and McClinchey et al. (2003). The sole was 
constructed to be concave in all previous models, whi le the degree of concavity was not indicated. 
This can lead to confusion in the FE modelling of equine feet and so the question remains: what 
are the biomechanical effects of bar and sole structures, and how much can we simplifY them in 
modelling systems without losing their effects? 
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The aims of this part of the work include: 
• To decide mesh generation, material property and boundary conditions for further FE 
simulation; 
• To investigate the sole and ·bar functions by FE simulation so that an approach to dealing 
with them can be decided for further FE simulations; 
• To theoretically investigate the effects of changing single shape factors for the equine 
hoof capsule on displacement and von Mises strain distribution using FE testing. 
7.2 Deciding the FE system 
7.2.1 Material property 
In their hoof models, the Poisson's ratios are assigned a value 0.3 for all the components by 
Hinterhofer et al. (2000), Hinterhofer et al. (2001), Thomason et al. (2002) and McClinchey et al. 
(2003). To be consistent with this precedent, a Poisson's ratio of 0.3 is also used in this thesis. 
Values for elastic moduli used here are taken from literature, particularly from Douglas et al. 
(1996). The stratum medium (SM) hoof wall model is divided into 3 layers. The elastic moduli 
of the outer layer and inner layer of the SM and of the sole are taken from the literature as listed in 
Table 7.1. The elastic moduli of the middle layer of the SM is estimated as an average of the 
outer layer and inner layer. All the components are assumed to be linear elastic material. 
Outer laver of SM 1004 MPa Douglas e/ al., 1996. 
Calculated the average 
from the outer layer and 
Middle laver of SM 763.5 MPa inner layer of hoof wall. 
Inner laver of SM 523 MPa Douglas e/ al., 1996. 
Sole 230 MPa Douglas e/ al., 1996. 
Table 7.1 The elastic moduli of dorsal hoofwall. 
7.2.2 Boundary conditions 
The solear surface is constrained in the z direction. The PDHWB (see red point in Fig. 7.1 ) is 
fixed in all directions in the same way as Newlyn et al., (1998). There are no constraints applied 
to the proximal part of the capsule at CB. No friction is assigned between the solear surface and 
. the ground so that the size and shape of the deformations will not be affected by the ground. 
A vertical loading of 5000N is applied on the internal surface of the capsule according to the mesh 
geometric form, so that the load is evenly distributed over the internal hoof wall area with a 
uniform vertical force. The area where the loading is applied is investigated in section 7.2.5. 
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Fig. 7.1 Constraints of boundary on the hoof capsule. 
7.2.3 Post processing data output 
Two types of data have been reported in previous FE investigations by other researchers to reflect 
the mechanical perfonnance in the equine hoof capsule: the maximum principal strain (Thomason 
et al., 2002; McClinchey el 01.,2003) and the von Mises stress (Newlyn el al., 1998, Hinterhofer 
et al., 2000, Hinterhofer et al., 200 I, Thomason el al., 2002; McClinchey et al., 2003). The 
maximum principal strain tbeory proposes that yield occurs when the maximum principal strain 
reaches the strain corresponding to the yield point during a simple tensile test. However, the von 
Mises stress is derived from the von Mises yield criterion. The von Mises yield criterion is based 
on distortion energy theory which proposes that yield occurs wben the distortion component 
exceeds that at the yield point for a simple tensile test. This criterion is more appropriate to 
predict the multiaxial fatigue behaviour. 
Currently it is difficult to decide which failure criterion is appropriate for the boof wall horn due 
to limited knowledge of the material property of the hoof capsule. Considering the complexity of 
loadings subject to weight-bearing within the hoof capsule (Reilly et al. , 1996), it is decided to 
adopt the von Mises yield criterion in this work as the proper criterion as it takes into account 
multi-axial stress. 
The earliest model of von Mises yield criterion was based on elastic estimates of the combined 
applied stress, which is the von Mises stress, which can be expressed as: 
(Equation 7.1) 
Li et al. (2006) indicated that starting in the 1970s, much development effort was devoted to 
strain-based multiaxial fatigue models. The von Mises (equivalent) strain, which is based on the 
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distonion energy, is adopted by some multiaxial fatigue models. Von Mises (equivalent) strain i 
an average mea ure of the shear stress/strain states and should be representative of damage 
parameters. uresh (1998) has given the expre sion of the equivalent strain in the von Mi es 
di tortional energy theory as following: 
(Equation 7.2) 
Where61 , 6 2 and 6) are the three principal strains, with 61.> 6 2 > 63, and vis the Poisson ' s 
ratio. 
The von Mises strain has been adopted by researchers including Vandamme et al. (2003) , Kess ler 
et 01.(2006), Xu and Robinson (2008) in the bio-mechanical re earch of bio-structures (bone 
tissue, anificial bone etc. ). 
Compared to the stress data, it is possible to experimentally validate the train data. The strain 
distribution on the equine hoof wall has mainly been recorded by strain gauge, which is 
convenient to explore the principal strain, as demonstrated by Thomason et al. (1992), and 
Thomason (1998). The FE inve tigations reponed by this group (Thomason et al., 2002; 
McClinchey et al., 2003) have therefore adopted maximum principal strain in the FE simulations 
to make a comparison with the vivo data. 
However, sevcral full-field techniques including the photoelastic stress technique and the optical 
capturing system have been introduced (reviewed in section 2.8) recently to provide full-field 
train and di placement analyses of the hoof capsule. Particularly, a commercial product for 
optical full field strain analysis from GOM mbH : ARAMIS might be able to provide experimental 
validation of the von Mise strain values and di placement values in the models, as demonstrated 
by Godara and Rabbe (2007). Therefore the von Mises strain and displacement are adopted in 
this research as the post processing IInite element results. 
7_2.4 FE mesh generation 
An FE model is typically constructed from the CAD geometric form, which is then divided into a 
mesh, which is a representation of all the elements in the model, connected by nodes. The 
element mesh is assigned mechanical properties (e.g. Young's modulus, Posson ratio) and the 
problem is then solved in matrix form. The size of the elements, which is directly related to the 
size of the matrices, affects the time taken to process the solurion . In this investigation, three 
simulations on a same CAD geometric form with different element sizes (2mm, 3mm and 5mm) 
are compared to decide the size of me h elements for funher FE investigations. 
The CAD solid model (model code: Ch7- I) in the three simulations is provided by the 
representative hoof wall template presented in chapter 5 (model code: Ch5-1). TI,e values for key 
parameters are adopted from the average values of the control group of horse hooves in Kane et 
al., (1998). All the values of parameters are given in Appendix B. CAD solid model Ch7-1 is 
meshed by a 3D tetrahedral 10 nodes elements finite elements mesh in Unigraphics X4 with MD 
Nastran solver (manufacturer's address is listed in Appendix G). The constraint at the boundary 
are assigned in accordance with section 7.2.2 in all three simulations. 
The magnitude of displacement and von Mises strain of23 positions (as shown in Fig. 7.2) on the 
hoof wall surface are shown in Fig. 7.3 and Fig. 7.4 respectively. 
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Fig. 7.2 The 23 positions distributed on the dorsal wall surface. 
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Fig. 7.3 The comparison of the magnitude of displacement with different element size 
simulations. 
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Von Mises strain in simulations with different element size 
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Fig. 7.4 The comparison of the von Mises strain in different element size simulations. 
Data sets of displacements and von Mises strain in all the simulations are examined by the 
Anderson Darling test of Normality at an a-level of 0.05. None of the data sets follow normal 
distribution. Therefore a non-parametric hypothesis test, the two-sample Wilcoxon rank sum test 
is adopted to compare the magnitude of displacement results and von Mises strain results in all 
three simulations at an a-level of 0.05 by the Minitab 15 software package. Both comparisons of 
the magnitude of displacement and the von Mises strain do not show significant differences in all 
three simulations (p>0.05). However, the simulation of 2mm element size consumes more than 
24 bours, while the run time for 3mm and Smm element size simulations are 5 hours and O.S hour. 
By considering the balance between the simulation run time, accuracy and capability, then it was 
decided to use the mesh size of 5mm for the finite elements in the following FE investigations. 
7.2.5 Investigation of the loading condition 
The forces associated with weight-bearing of the horse are redirected from the distal phalanx to 
the hoof wall as a result of the anatomical organisation of the suspensory apparatus of the distal 
phalanx (SADP). A vertical loading equivalent to body weight is applied directly onto the 
internal surface of the hoof wall. This is taken as a typical load that could occur on one hoof. In 
this part of the work, strain and displacement distributions achieved in simulations with different 
loading conditions are compared so that estimation can be made in applying loadings to which 
part of the internal surface of the hoofwall. 
Five simulations are undertaken: 
In simulation one. a hoof wall geometric form and a distal pbalanx are constructed (Fig. 7.S) using 
data estimated from information achieved by physically cutting slices of an actual foot reported 
by Hanft (199S) to obtain a rough but reasonable estimation in a real hoof, in which the force 
associated with weight-bearing is transmined and re-directed through the distal phalanx. The total 
vertical loading of SOOON is applied on the top of distal phalanx (see area with red dots in Fig. 
7.S). 
In the other four simulations, the vertical loading is applied to the internal surface of the hoof wall 
as follows: in each of the simulation, a plane with an inclination of DHW A with the xy plane is 
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constructed from the straight line perpendicular to the central axis at one of the measurement sites 
of 25%CD, 50%CD 75%CD and 100%CD (only 25%CD is shown in F ig. 7.6) respectively; the 
internal surface of the hoof wall is then divided by this plane and the vertical loading is applied on 
the dorsal part (only 25% internal surface loading is shown in Fig. 7.7). Tbe displacement and 
von Mises strain achieved in these four simulatiolls are compared with those achieved in 
simulation one to estimate applying loadings on which part area of the internal hoof wall surface 
is more reasonable. 
Fig. 7.S The hoofwal l model with a simplified distal phalanx. 
z I X 
)' 
Fig. 7.6 A plane with an inclination ofDHWA with the xy plan is constructed through the 
measurement site of25%CD . 
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Fig. 7.7 The loading is applied on the front part of the internal surface. 
The magnitude of the displacement and the von Mises strain distribution of the 23 positions (see 
Fig. 7.2 are shown in the following Fig. 7.8 and Fig. 7.9. 
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Fig. 7.8 The comparison of the magnitude of displacement in different loading area sirnulations. 
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Von Mises strain In slmulations with different loading conditions 
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Fig. 7.9 The comparison of the von Mises strain in different loading area simulations. 
Data sets of the displacements and von Mises strain in all the simulations are examined by the 
Anderson Darling test of Normality at an a.-level of 0.05. None of the data sets follow normal 
distribution. Therefore the displacement results and von Mises strain results in the four 
simulations with loading applied on the internal surface of hoof wall (data set I) are compared 
against with the simulation of loading applied on the distal phalanx (data set 2). This comparison 
is done by the non-parametric two-sample Wilcoxon rank sum test at an a.-level of 0.05. The null 
hypothesis (H,,) is that the median of the two sets of data are the same, and the alternative 
hypothesis (H,) is that the median in data set 1 is greater than that in data set 2. 
The p values of hypothesises are listed in Table 7.2 and Table 7.3 respectively. 
data set 1 data set 2 p-value 
The magnitude of displacement The magnitude of displacement 0.0005<0.05 
in 25% CD loading in loading on distal phalanx 
The magnitude of displacement The magnitude of displacement 0.0259<0.05 
in 50% CD loading in loading on distal phalanx 
The magnitude of displacement The magnitude of displacement 0.0423<0.05 
in 75% CD loading in loading on distal phalanx 
The magnitude of displacement The magnitude of displacement 0.0532>0.05 
in 100% CD loadin&_ in loading on distal phalanx 
Table 7.2 The p values for displacement hypothesises in simulations with different loading 
condition. 
data set 1 data set 2 p-value 
The von Mises strain in 25% CD The von Mises strain in loading 0.2026>0.05 
loading on distal phalanx 
The von Mises strain in 50% CD The von Mises strain in loading 0.2105>0.05 
loading on distal phalanx 
The von Mises strain in 75% CD The von Mises strain in loading 0.8090>0.05 
loading on distal phalanx 
The von Mises strain in 100% The von Mises strain in loading 0.9301 >0.05 
CD loading on distal phalanx 
Table 7.3 The p values for strain hypothesises in simulations with different loading condition. 
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The comparison shows that the displacement in the simulation of lOO%CD loading does not show 
significant difference to the loading on the distal phalanx (p>O.05), while the magnitude of 
displacement in the simulations with 25%CD 50%CD and 75% CD loading conditions shows 
gteater (p<O.05) than that in the simulation when applying loading on the distal phalanx. 
The von Mises strain in all four simulatioDS with loadings applied on different areas of the 
internal surface of a hoof wall does not show any significant difference with that in simulations 
applied on the distal phalanx (p>O.05). 
The comparison in displacement and von Mises strain indicates that althougn there is no 
significant difference in von Mises strain between simulations with loading applied on the internal 
surface of hoof wall and applied on the distal phalanx, the only displacement result which does 
not show a signHicant difference occurs in the sinlUlation with loading applied on IOO%CD. 
Therefore by considering both displacement and von Mises strain distribution, it is decided that 
the vertical loading will be applied on IOO%CD, which is the whole internal surface of the hoof 
wall in all the following simulations. 
It is interesting to know how the strain varies along the outline of BB and CB. They are plotted in 
Fig. 7.10 (only 100% CD loading is shown). The strain value along the BB out line is 
dramatically higher at the LH and MH than at the other areas. The strain value along the CB 
outline, however, is higher at the DHW than at the heel areas. As the horn grows along the 
direction from CB to BB, it would be worthwhile to investigate whether or not the different 
distribution patterns in the strain along BB and CB outline are related to the rate of horn gtowth. 
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Fig. 7.10 The variations in von Mises strain at the bearing border (BB) and 
the coronary band (CB). 
7.3 Investigation of the sole and bar structure 
Previous reported FE sirnulations have adopted different approaches to dealing with the structure 
of sole and bars. For example, the model of Hinterhofer et al. (2000, 200 I) contained bars which 
were lacking in the model ofThomason et al. (2002), and McClinchey et al. (2003). The sole was 
constructed (0 be concave in all these previous reported models, but no measure of concavity was 
provided. The insensitive sole and bar cover and protect the sensitive structures in the hoof, but 
the importance of them has not been investigated and they have not been given enough detailed 
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consideration yet in FE investigations although different researchers adopt different approaches to 
simplifYing and dealing with them. This can lead to confusion in the approach to dealing with the 
components of sole and bars in the FE model system. Therefore, it is necessary to understand 
how much the structure of sole and bars can be simplified in FE simulation without losing their 
effects. 
7.3.1 Material and methods 
In this part of the work, three different solear possibilities are constructed. These different solear 
possibilities, together with the structure of bars are combined in six simulations, which are listed 
in Table 7.4. The comparison of displacement with von Mises strain in these six simulations 
could provide an understanding of the function of the bars and sole. Based on the results achieved, 
a decision will be made about which approach will be adopted in dealing with these structures in 
further FE simulations. 
----------
1 2 3 4 5 6 
slightly 
no sole no sole flat sole flat sole concave sole concave sole 
Combination no bar with bar no bar with bar with bar with bar 
Bar No Ves No Ves Ves Ves 
Sole No No Ves Ves Ves Ves 
Concavity of Slightly 
sole N/A N/A Flat Flat concave Concave 
Table 7.4 The six model combinations. 
The CAD geometric form for the hoof wall in the six simulations is provided by the CAD solid 
model Ch7-1 (see section 7.2.4): the values for key parameters which are adopted from the 
average values of the control group of horse hooves in Kane el al., (1998). 
Three soles with different degrees of concavity are constructed from the inner surface of the hoof 
wall near the BB. The centre of the sole is notched where the frog would be. All soles have a 
constant thickness of 10 mm. The concavity is modelled by lifting the centre of the sole from the 
ground while the rim remains in the original position. This gives a 'degree of concavity' 
parameter at the centre of sole, measured in mm. The 'degree of solear concavity' modelled are: 
(a) Omm (flat); (b) 2mm (slightly concave) and (c) IOmm (concave) (see Fig. 7.11). 
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Fig. 7.11 The three different soles. 
The material properties, constraints and the boundary conditions are assigned in accordance with 
section 7.2.1 and section 7.2.2. 3D tetrahedral finite elements are used in the finite element mesh, 
with a size of 5mm. A total vertical loading of 5000N is applied on the whole inside surface of 
the capsule according to the mesh geometric form. 
The von Mises strain and displacement at 15 positions distributed across the area of the DHW, 
MHW, LHW and heels of the hoof wall surface, as shown in Fig. 7.12. These positions cover the 
areas that are of particular concern to farriery professionals and veterinaries. 
9 
".4--- 8 
15 
12 4 
Fig. 7.12 The 15 positions distributed on the hoof wall surfaces*' 
*Note: these points can be labelled as: I:BB, LH; 2: 50% HWH, LH; 3:CB, LH; 4: BB, LHW; 
5:50%HWH, LHW; 6: CB, LHW; 
7:BB, DHW; 8: 50%HWH, DHW; 9:CB, DHW; 10: CB, MHW; 11: 50%HWH, MHW; 12: BB, 
MHW; 13: CB, MH; 14: 50%HWH, MH; 15: BB, MH 
CB= coronary band; BB= bearing border; DHW=dorsal hoof wall; HWH=hoof wall height; 
MHW=medial hoof wall; MH=medial heel; LHW=lateral hoof wall; LH=lateral heel 
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7.3.2 Results 
Fig. 7.13 shows the deformation of the horse hoof due to weight-bearing with a flat sole and bars. 
The dorsal wall flanens and moves palmarly accompanied by the heel expansion. This is in 
agreement with the published and experimentally-derived data from Colles (1989) and Thomason 
et al. (1992). and shows that the model given by Lungwitz (1891) largely holds true today (Reilly 
2006). 
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Fig. 7.13 The deformation of the hoof capsule after loading. 
The magnitude of displacement resu lts are shown in Fig. 7.14. The magnitude of the 
displacements in the two 'without sole' groups show a different pattern around the hoof wall 
compared with those groups with sole. 
The magnitude of displacements in slmulations with 
• no sole no bar 
14.0 different sole and bar corn blnations 
12.0 • no sole with 
'OE bar 
Cl> E 10.0 
• flat sole no ba, ..,-
",-
_ c 
8.0 .- .. 
C E 
Cl .. o flat sole with ~ ~ 6.0 
"e. 
bar 
.s: ., 4.0 I- .- D s6ghtly .., 
2.0 
mL 
concave so'e 
m m mh .. mla h Im III fT1I m with bar 0.0 
• concave sole ~' • 7 12 ".1 ~ 2 • • 11 ': 1 ~ 3 • • 
I. 13 
with bar BB 5~·.HWH CB 
• position 
Fig. 7.14 The magnitude of displacement results as positions 1-15 (see Fig. 7.12) for different 
sole and bar combinations. 
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The average magnitudes of the displacements in different area of the capsule are shown in Fig. 
7.15. 
Average magnitude of dlsplacements In area ofDHW, MHW and LHW, 
12.0 and MH and LH 
10-0 
B.O 
6.0 
4.0 
2.0 
0.0 
no sole no no sole with flat sole no flat sale slightly 
bar bar bar -.Mth bar concave 
sole with 
bar 
Dltferent sole and bar combination 
iJDHW 
.MHVVand LHW 
OMHand LH 
concave 
sole with 
bar 
Fig. 7.15 Average magnitude of displacements of different sole and bar combinations in different 
areas. 
The results with ' no sole' show that the displacements are sign ificantly higher than ' with sole'. In 
addition, the average displacements at the MH and LH area are 5 times more than that of the 
DHW area. The differences then decrease in the 'with sole' groups, which is 1.7-2.2 times more 
in these four groups (shown in Table 7.5). This indicates that the relative variation (and absolute 
values) of deformation is reduced greatly by the sole. With increasing concavity of sole, the 
difference between the displacements at the DHW area and the heel area decreases further, but the 
effect is slight (shown in Fig. 7.15). The average displacements in 'with bar' groups are smaller 
than the ' without bar' groups, hut also the effect is slight. 
~ 1 2 3 4 5 6 no sole no sole nat sole nat sole slightly concave sole no bar with bar DO bar with bar concave sole with bar witb bar 
OHW(mm) 1.840 1.828 0.469 0.466 0.465 0.445 
MHWandLHW 3.518 3.514 0.619 0.569 0.569 0.514 (mm) 
MH and LH 10.700 10.353 0.987 0.894 0.864 0.736 (mm) 
HeeVDHW ratio 5.816 5.665 2.104 1.919 1.856 1.656 
Table 7,5 Average magnitude of displacement at different region for different bar and sole 
groups. 
The van Mises strain at different positions is shown in Fig. 7.16. The von Mises strain in the two 
'without sole' groups are close to each other in most positions. The von Mises strain in the four 
'with sole' groups are decreased in all the positions. 
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Von Mises stra in In simulations with 
different sole and bar combinations no sole no bar 
• no sole With 
sole no bar 
o flat sole with 
bar 
• sHghtly concav,el 
sole with bar 
concave sole 
With bar 
Fig. 7.16 The von Mises strain results at positions I-IS (see Fig. 7.12) for different sole and bar 
combinations. 
The average von Mises strain in different areas is shown in Fig. 7.17. The von Mises strain 
decreases greatly in all 'with sole' groups compared with those ' without sole' groups (Le. 'no sole 
no bar' vs. ' flat sole no bar' , ' no sole with bar' vs. 'flat sole with bar'). In particular, the van 
Mises strain at the MH and LH area, surprisingly, does not show a significant decrease with the 
presence of the sole in the FE simulation. With increasing sole concavity, the van Mises strain 
decreases slightly in all areas but the effects are slight. In all the simulations, high van Mises 
strain concentrations occurs at the junction of the hoof wall and sole in all 'with sole' groups 
(only the group of'flai sole with bar group' is shown in Fig. 7.18). This is the area of the white 
line in the actual horse hoof. 
The average von Mises strain at the heel area shows a decrease in the ' with bar' groups compared 
with the ' without bar' groups (Le. ' no sole no bar' vs. ' no sole with bar'; ' flat sole no bar' vs. ' flat 
sole with bar' shown in Fig. 7.17). 
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Average von Mises strain In area ofDHW. MHW and LHW, and MH and LH 
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Fig. 7.17 Average von Mises strain of different sole and bar group in different area. 
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Fig. 7.18 The von Mises strain distribution of the ' flat sole with bar' group. 
7.3.3 Discussion 
The functions of the insensitive bars are poorly understood. Balch et al. (1995) stated that bars 
may act as internal struts to inhibit beel contraction in the absence of normal frog pressure. But 
the bar is a sharply angled extension of the hoof wall, and the assumption was that it would act to 
prevent beel expansion. The FE investigation here shows that the decrease in displacement of 
heels is not significant. However, the presence of bars does decrease the von Mises strain 
significantly in the heel area and the reduction is particularly pronounced at the BB,LH and BB, 
MH. Hence, it is concluded tbat omitting the bars in the FE modelling work would lead to a loss 
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of accuracy in predicting von Mises strain in the heel, and thus, for future investigations the bars 
are included in the FE model. 
The sole is a concave structure from side to side and also from front to rear between the frog and 
the bearing border of the wall. It is separated from the hoof wall by the white line. This 
insensitive structure is considered by the farrier to act primarily as a protective covering for the 
sensitive tissue internal to the hoof capsule rather than to have a function in weight-bearing. 
Hence, use of it to bear weight was believed to initiate bruising by Balch et al., (1995). However, 
the decrease of both von Mises strain and displacement in the FE simulations with a sole in this 
study might indicate that the sole may also have a functional role in controlling the hoof capsule's 
response to loading. 
The FE investigation also shows that the sole has significant effect on decreasing deformation in 
all areas of the hoof wall. Both heel expansion and total deformation are decreased greatly by the 
sole. A similar effect occurs with von Mises strain which shows a significant overall reduction. 
However, the von Mises strain remains high in the heel area even with the presence of the sole. 
The FE investigation also indicates that an increasing in the concavity of the sole seems to afford 
a small decrease ofvon Mises strain and decrease of overall displacement. This indicates that the 
existence of the concavity in the sole of a horse hoof might afford a mall functional advantage to 
reducing strain in the hoof wall. 
Since the degree of concavity only plays a small roll, and the difficulty in suggesting an 
appropriate concavity without further study, it is decided that a flat sole is to be used in the further 
FE investigations. 
The FE simulations indicate a high level of strain during loading at the junction of the wall and 
the sole (Fig. 7.18), which is known as the area of white line. During loading, this junction area 
should allow the wall and the sole deformed in different directions. It is believed that the white 
line allows some independent movement of wall and sole during loading and thus prevents 
catastrophic failure of the hoof capsule (Reilly 1997). This could be a functional reason for high 
strain concentrations in this area. However, the high strain in this junction area may increase the 
risk of failure compared with other parts of the hoof capsule and sole, and might also play a role 
in the pathology of white line disease. This is an area for further study. 
7.4 Shape factor investigation 
The shape of the hoof wall is often altered during the maintenance of farriery to achieve the 
optimal force distribution within the foot. However, the consequence of shape alteration has not 
been fully elucidated. As a result, the type for maintenance of the hoof capsule has been argued 
for centuries. 
In this part of the work, the theoretical investigations into the effects of changing single shape 
factors for the equine hoof wall on von Mises strain distribution and displacement are conducted 
by FE simulations. Five shape factors are changed independently, one at a time, to identifY their 
first order effects. Five shape factors related to 'balance' are investigated: DHWA, HA, DHWL, 
MHW A and LHW A. 
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7.4.1 Materials and methods 
The hoofwall geometric forms in all simulations are provided by the representative hoof template 
presented in chapter 5. A flat sole and bars are included. The values for key parameters for the 
representative model used in this study are adopted from the average values of the control group 
of horse hooves in Kane et al. (1998) as given in Table 7.6. 
Name Value 
LHWA (0) 72.8 
MHWA (0) 77.0 
CD (mm) 115.6 
P WHW(mm) 43.6 
OHWACO) 50.7 
OHWL(mm) 88.9 
HL (mm) 33.9 
HA (0) 41.6 
HW(mm) 65.4 
WHW(mm) 124.5 
Table 7.6 Value of key parameters in the representative model (after Kane et al., 1998). 
Stashak et al. (2002) collected the published data for hoof wall angles. These authors indicated 
that although for years textbooks cited 45 ° -50 ° as normal for the forelimb DHW A and 50 ° -55 ° 
for a hindlimb DHW A, some farriery professionals however have indicated recently that the 
normal forelimb DHW A for domestic riding horses range from 53 ° -58 0, and the normal 
hind limb range from 55 ° -60 0. In the simulations DHW A is varied in the rangc of 41 °_60° at 
intervals of 1 0. The data range is considered to cover all the data range in literature with the 
median close to the average DHW A in the control group of horse hooves in Kane et al. (1998) . 
HA is varied in the range of 32°-5 I ° at intervals of 1 ° with the median close to the average HA in 
the control group of hooves in Kane et al. (1998). DHWL is varied from 80 mm to 98 mm, at 
2mm intervals. For MHWA and LHWA, they are varied from 72 °_82 ° and 68°_78° respectively 
with intervals of 1°. The range of each shape factor and intervals used are given in Table 7.7. In 
the investigation of each factor by FE simulation, one factor is varied according to the range 
shown in Table 7.7 with other parameters fixed as per the values given in Table 7.6. 
Shape factors Range Representative Intervals Simulation runs 
value 
DHWA(O) 41.0-60.0 50.7 1.0 20 
DHWL(mm) 80.0-98.0 88.9 2.0 10 
HA (0) 32.0-51.0 41.6 1.0 20 
MHWA(O) 72.0-82.0 77 1.0 11 
LHWA(") 68.0-78.0 72.8 1.0 I 1 
Table 7.7 Ranges of independent shape factors. 
The altering of a single shape factor can seldom achieve just a single variation in a real horse 
hoof. For example, increasing the DHWA is always accompanied by reducing the DHWL; 
varying the DHW A also cause the varying of HA; varying the MHW A often varies the LHW A. 
However, all these shape factors have been constructed independently in the parametric CAD 
solid model adopted in this part of the work, which enables only one shape factor to vary in each 
set ofsimulations with all the other shape factors fixed. The following Fig. 7.19 gives an example 
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of the hoof wall geometric fonns constructed from CAD solid model ChS-1 with different DHWA 
and all other shape factors fixed. 
geometric fonn with DHW A=42 • 
geometric fonn with DHWA=61 • xL 
Fig. 7.19 Hoof wall geometry fonns with different DHW A and all other shape factors fixed. 
The material properties, constraints and the boundary conditions are assigned in accordance with 
section 7.2.1 and section 7.2.2. The model is meshed with 3D tetrahedral elements with a size of 
Smm. A total vertical loading of SOOON is applied on the whole inside surface of the capsule 
(IOO%CD) according to the mesh geometric fonn. 
The von Mises strain and displacement at IS positions (see Fig. 7.12) distributed across the area 
of the DHW, MHW, LHW and heels of the hoof wall surface are investigated under the above 
boundary conditions as shown in Fig. 7.1. 
The relationship between the displacement and von Mises strain with the shape factor is assessed 
by Pearson 's correlation at an a-level of 0.0 I. This will give an indication of how well the two 
variations are linearly related. For those positions in which the displacement or von Mises strain 
are well linearly related (e.g., p<O.O I) with the shape factor, a linear regression is calculated. 
Both the Pearson 's correlation and regression are conducted in Minitab 15. 
7.4.2 Effects of dorsal boof waU angle 
Fig. 7.20 shows the relationship between the magnitudes of displacement at each of the 15 
positions with variation in DHW A. 
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Fig. 7.20 Variation in the magnitude of displacement with variation in DHWA. 
The Pearson's correlation coefficients, p values and gradient of the DHWA in the regression 
equation between the magnitude of displacement and variation of DHW A are presented in Table 
7.8. The regress ion equations are listed in Appendix C. 
------
DHW LHW MHW 
BB SO%ll'VH CB BB SO%HWH CB BB So%HWH CB 
Pearson's 
correlation N/A .0.990 .0.988 .0.998 .0.983 .0.957 .0.990 .0.997 .0.950 
P "alue NIA 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Gradient N/A .0.030 .o.OS4 .0.028 .o.03S .0.039 .0.029 .o.03S .0.038 
------
LH MH 
BB SO· .... HWll CB BB SO%HWH CB 
Pearson's 
correlation -0.999 .0.999 .0.998 -0.999 .0,999 .0,999 
P value 0.000 0.000 0.000 0.000 0.000 0.000 
Gradient .0.047 -0.OS3 .0.060 .0.046 .o.OS3 .0.060 
Table 7.8 Correlation coefficients and gradient between the magnitude of displacement and the 
DHWA .. 
The magnitude of displacement at almost all positions on the hoof wall are shown to be linearly 
related to the DHW A (i .e., p<O.O I, Pearson's correlation<O,), except at the BB of DHW, which 
has been fixed in all directions. The gradient varied from -0.060 to -0.028 at these positions, 
which indicates the minimum decreasing rate in magnitude displacement at BB of LHW and 
MHW, and the maximum decreasing rate in magnitude of displacement at CB of LH and MH 
Erratic nature of some points observed around the trend of the line would be due to the fact that 
the values are taken from the nearest nodes of the observations. 
Fig. 7.21 shows the relationship between the von Mises strain at each of the 15 positions with 
variation in DHWA. The Pearson's correlation coefficients and gradient of the DHWA in 
regression equation between the von Mises strain and variation of DHWA are presented in Table 
7.9. The regression equations are listed in Appendix C. 
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Fig. 7.21 Variations in the von Mises strain with variation in DHWA. 
--------
DHW LHW MHW 
BB SO%H\VH CB BB SO%HWH CB BB 50·/.H\VR CB 
Ptarson's 
·0.880 ·0.991 ·0.987 0.926 0.292 0.765 0.985 ·0.034 
. 
correlation 0.403 
P value 0.000 0.000 0.000 0.000 0.212 0.000 0.000 0.887 0.078 
Gradient 
·53.400 ·161.0 ·352.0 18.9 81.9 23.2 
------
LH MH 
BB SO'leH\VH CB 88 SO%",VH C8 
Ptaf50n's 
·0.964 0.724 ·0.858 ·0.944 0.707 .0.027 
corrtlation 
P value 0.000 0.000 0.000 0.000 0.000 0.909 
Grlditnl ·286.0 6.3 ·1.2 ·213.0 7. 15 
Table 7.9 Correlation coefficients and gradient between the von Mises strain and the DHW A. 
The result shows that the strain is significantly higher at the BB, LH and BB, MH than anywhere 
else. However, as the DHW A was increased, then values decreased significantly. The strain 
value of the BB, LH is consistently higher than the BB, MH and this is assumed to be a result of 
the asymmetry of the model used. Another significant result to note is the strain observed at CB, 
DHW as this value was high for 41· DHW A, but dropped off quickly as DHW A increased and 
was then among the lowest values of strains as DHW A was 60·. All other strains are relatively 
low but secondary observations are made: 
With increasing the DHWA, the von Mises strain decreased OD (p<0.01, Peason's correlation<O): 
• DHW (at each of the three positions measured: BB, 50%HWH and CB) 
• BB and CB of the LH. and BB ofMH. 
With increasing DHW A, the von Mises strain increased marginally on: 
• BB of the LHW and MHW; 
• CB ofLHW; 
• 50%HWH of the LH and MH. 
The von Mises strain on the 50%HWH and CB of the MHW, and the 50%HWH of the LHW is 
shown to be un-related to DHW A. 
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7.4.3 Effects of heel angle 
Fig. 7.22shows the relationship between the magnitudes of displacement at each of the 15 
positions with variation in HA. The Pearson's correlation coefficients and tbe gradient of 
regression equation between the magnitude of displacement and variation of HA are presented in 
Table 7.10. Tbe regression equations are listed in Appendix C. 
12 
10 
-I 
~ ~ ~ M ~ ~ M ~ ~ ~ ~ ~ ~ ~ ~ c ~ ~ 
HA (degree) 
Fig. 7.22 Variation in the magnitude of displacement with variation in HA. 
--------
DHW LUW MlIW 
BB 50o/.HWH CB BB .so~.",VH CB BB SO%"'VH 
Ptarsoo's N/A -0.249 -0.615 0.532 0.145 -0274 0.091 -0.432 
correlation 
P valut N/A 0304 0.051 0.057 0.554 0256 0.713 0.065 
Gnditnl N/A 
--------
LH MU 
BB 50·;.mVH CB BB 501tf.HWJ-I CB 
Purson's 
c:orrr.larion 0.064 -0.135 0.029 0.087 0.014 0.141 
P value 0.796 0.582 0.906 0.723 0.955 0.565 
Gradient 
CB 
-0.469 
0.053 
Table 7.10 Correlation coefficients and the gradient between the magnitude of displacement and 
the HA .. 
The results indicate that the magnitude of displacement does not show a relationship with the HA 
for all positions (p>0.0 I) . 
Fig. 7.23shows the relationship between the von Mises strain at each of the 15 positions with 
variation in HA. The Pearson's correlation coefficients and the gradient of regression equation 
between the von Mises strain and variation of HA are presented in Table 7.11. The regression 
equations are listed in Appendix C. 
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Fig. 7.23 Variations in the von Mises strain with variation in HA. 
D1IW LHW ~UI\V 
5O%"'VH CB BB SO·:'HWI-I CB BB SO% mVH CB 
-0.023 -0.244 -0.626 -0.658 0.079 0.005 -0.464 -0.414 0.363 
0.927 0.3 0.004 0.002 0.747 0.983 0.046 0.078 0.127 
-2.1 -6.5 
LH MH 
SO%H\VH CB BB soo/.HWH CB 
0.570 0.743 0,819 0.872 0.581 0.88 
0.001 0.000 0.000 0000 0.002 0.000 
64.7 2.66 9.2 108.0 4.2 3.1 
Table 7.11 Correlation coefficients and gradient between the van Mises strain and the HA. 
The fIrst most s ignificant result that can be observed are that the levels of strain observed at all 15 
positions are fairly flat across the range of HA (32 0 _51 0 ). Particularly high va lues of strain are 
observed at BB,LH and BB,MH followed by those values of strain at the DHW. Other positions 
have relatively low values of strain_ 
7.4.4 Effects of dorsal hoofwaU length 
Fig. 7.24 shows the relationship between the magnitude of displacement at each of the 15 
positions with variation in OHWL. The Pearson's correlation coefficients and the gradient of 
regression equation between the magnitude of displacement and variation of OHWL are presented 
in Table 7.12. 
143 
12 
-c ., 
10 E 
., 
" M~ to Q. : .:. "' 'S_ 
-
E 0 
.,.§. oe 
" 
• ~ -
~
C 04 
Cl 
to 
E 
., 02 
.J:. 
t-
oo 
eo 82 
Chapter 7 Single shape [actor investigation 
-BB,LH 
• 50%HWH, LH 
_ -J CB, LH 
::.. :- ~ BB. lt-fN ~ '. = = r =~:::H' LHW 
~ -o_~---~._ .~ - BB,DHW 
--- - --- .----
8e .. • 2 .. ge 
DHWL(mm) 
• 
- 5O%HWH,DHW 
- CB, DHW 
BB, MHW 
50%HWH, MHW 
CB, MHW 
BB, MH 
50%HWH, MH 
- CB, MH 
Fig, 7.24 Variation in the magnitude of displacement with variation in DHWL. 
------
~ DHW ~VH ~ CB CB BB CB 
N/A 0.927 0.819 0.917 0.901 0.982 0.895 0.959 0.992 
, Vl lut NIA ~~ 0.004 1.000 ~~ 1.000 0.000 0.000 ~ NIA 0.001 0.007 1.009 0005 0.007 
-------
LH MA 
BB CB BB CB 
0.999 0.999 0.999 0.996 0.996 0.997 
P Vl lut 1.000 0.000 ~ 1.000 0.000 ~ I.OJ] 0.015 0.01 0.012 
Table 7.12 Correlation coefficients and the gradient between the magnitude of displacement and 
theDHWL. 
The magnitude of displacement for all positions on the hoof wall shows direct relationships with 
DHWL, 
Fig. 7.25 shows the relationship between the von Mises strain at eacb of the 15 positions with 
variation in DHWL. The Pearson's correlation coefficients and the gradient of regression 
equation between the von Mises strain and variation of DHWL are presented in Table 7.13. The 
regression equations are listed in Appendix C. 
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Fig. 7.25 Variations in the von Mises strain with variation in DHWL. 
----------
OHW UIW MIIW 
BB SO%IIWH CB BB SO-I.HWU CB BB 5O%II\VH 
Purson's 0.477 -0.396 -0.993 -0.990 -0.068 -0.469 -0.993 -0 .079 
correlation 
P value 0163 0258 0000 0000 0852 0.172 0.000 0.828 
Gradient -84.6 -39.9 -37_5 
-----------
UI MIl 
BB SO-;'HWlI CB BB 50%IIWII CB 
PursoD's 0.729 -0.862 0.993 0.007 -0.424 0.97 
corrtlltion 
P va lue 0.001 0.001 0.000 0.984 0.222 0.000 
GradieDt 141.0 -I. 7 0.5 0.2 
Table 7.13 Correlation coefficients and the gradient between the von Mises strain and the 
DHWL. 
CB 
-0.947 
0.000 
-18.9 
The most significant observation from these results is the high strain values at dle BB, LH and 
BB, MH which increase marginally with increase in the DHWL. The next significant strain 
occurs at CB, DHW which decreases (rough ly in proportion) to the increase in DHWL_ Other 
positions show relatively low strains and their variations across the range of DHWL (80mm-
98mm) is minimal - they remain at a reasonably constant value. 
The von Mises strain of all the other positions is un-related to the DHWL (p>O.O I). 
7.4.5 Effects of medial boof wall angle 
Fig. 7.26 sbows the relationship between the magnitude of displacement at each of the 15 
positions with variation in MHW A. The correlation coefficients and regression equation between 
the magnitude of displacement and variation of MHW A are presented in Table 7.14. The 
regression equations are listed in Appendix C. 
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Fig, 7,26 Variation in the magnitude of displacement with variation in MHWA. 
--------
DHW LHW ~vn BB : B BB CB BB 
P.arsoo'. NIA 1.000 0.998 0.996 0.887 0.969 -0.342 0.812 
P value NIA 0.000 0.000 0.000 0.000 0.000 0.3()4 ~ ( NIA 0.008 0.023 0.011 0.016 0.030 
--------
LR MU 
BB : B CB 
rearson's 0.997 0.997 0.997 -0.996 -0959 -0.945 
P valu. 0_000 0.000 0_000 0.000 0.000 0.000 
0.016 O·ill ).018 -0.008 -0_008 -0.008 
CB 
0.983 
.000 
. )28 
Table 7.14 Correlation coefficients and the gradient between the magnitude of displacement and 
tbeMHWA. 
Overall no significant trend was observed other than a gentle increasing displacement for a 
number of positions and rather flat or slightly decreasing displacement for increasing MHW A. 
particularly, 
When increasing the MHW A, tbe magnitude of displacement decreases on: 
• BB, SO%HWHand CB ofMH; 
When increasing the MHW A, the magnitude of displacement increases on: 
• CB, SO%HWH ofDHW; 
• BB, SO%HWH and CB ofLHW, SO%HWH and CB ofMHW; 
• BB, SO%HWH and CB ofLH; 
Fig. 7.27 shows the relationship between the von Mises strain at each of the IS positions with 
variation in MHW A. The Pearson's correlation coefficients and the gradient of regression 
equation between the von Mises strain and variation ofMHWA are presented in Table 7.1 S. The 
regression equations are listed in Appendix C. 
146 
Chapter 7 Single shape [actor investigation 
"000 - ~BB. lH 
~ 50%HWH. lH 
12000 
, CB. lH 
c:: 10000 
'm -
.. c:: 
... -:~ 8000 
.. I/) 
.. 0 
.- .. 
:I: .~ 8000 
~ - BB. LHW 
50%HWH. lHW 
~ ~CB.lHW 
- BB.DHW 
~ 
- 50%HWH.DHW 
c:: E 0- - CB. DHW 
> 4000 BB. MHW 
50%HWH.MHW 
2000 , 
--
, 
CB.MHW 
'--- - -
0 j BB. MH . 1 1 , , , , , , 50%HWH. MH 
72 73 ,. 7. 7. 77 7. 7. 60 81 82 
MHWA (degree) • CB. MH 
Fig. 7.27 Variations in the von Mises strain with variation in MHW A. 
~ DHW LHW MHW BB 50%H\VH CB BB SO%HWH CB BB 50%HWH 
Ptarson's 0.982 0.996 0.998 0.225 0.825 -0.130 0.913 0.886 
correlation 
P value 0.000 0.000 0.000 0.507 0.002 0.704 0.000 0.001 
Gradient 23.4 35.3 207.0 16.7 33.8 33.6 
--------
LH MH 
BB SO-!oII\VIJ C B BB SO%IIWH CB 
Pearlon', 
-0.225 0.376 -0.984 -0.995 -0.325 0.299 
correlation 
P Yllut: 0.506 0.254 0.000 0.000 0.329 0.372 
Gradient -0.2 -426.0 
Table 7.15 Correlation coefficients and the gradient between the von Mises strain and the 
MHWA. 
I 
CB 
-0.694 
0.018 
The main observation from the results is that the strain values do not vary significantly as a 
function ofMHWA, in 13 of the 15 positions. However, in the other two positions (BB, MH and 
CB, DHW) some significant trends are observed. The strain at the BB, MH position is almost 
halved as MHW A increases from 72 ° -82 0. This implies that the medial (lateral) hoof wall angle 
can be used to mitigate high strain, and therefore stress, at the BB of medial (lateral) heel. The 
other interesting observation is that the strain at the CB, DHW position is almost doubled when 
MHW A increases from 72° _82°. However the strain at CB, DHW is still less than the strain at 
BB, MH as MHW A is 82 0. 
7.4.6 Effects of lateral boofwall angle 
Fig. 7.28 shows the relationship between the magnitudes of displacement at each of the 15 
positions with variation in LHW A. The Pearson's correlation coefficients and the gradient of 
regression equation between the magnitude of displacement and variation of LHW A are presented 
in Table 7.16. The regression equations are listed in Appendix C. 
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Fig. 7.28 Variation in the magnitude of displacement with variation in LHW A. 
------
DfIW LHW MHW 
BB SO%H\VU CB BB SO%HWH CB BB SO o/.H\VH 
Pearson's N/A 0.712 0.984 -{).5IS 0.110 0.661 0.974 0.830 
correlation 
P value N/A 0.014 0.000 0.105 0.747 0.027 0.000 0.002 
Gradient N/A 0.018 0.015 0.013 
~ LH MH BB SO%HWH CB BB SO%H\VH CB 
PurSOD 'S 
-0.951 -0.947 -{).942 0.989 0.988 0.988 
correlation 
P value 0.000 0.000 0.000 0.000 0.000 0.000 
Gradient -{).019 -{).020 -0.023 0.012 0.013 0.014 
CB 
0.702 
0.016 
Table 7.16 Correlation coefficients and the gradient between the magnitude of displacement and 
theLHWA. 
Overall no significant trend was observed other than a gentle increasing displacement for a 
number of positions and a slightly decreasing displacement for increasing LHW A. 
Particularly, 
When increasing the LHW A, the magnitude of displacement decreases on: 
• BB, 50%HWH and CB ofLH; 
When increasing the LHW A, tbe magnitude of displacement increases on: 
• CBofDHW; 
• BB, 50%HWH ofMHW; 
• BB, 50%HWH and CB ofMH; 
Fig. 7.29 shows the relationship between the von Mises strain at each of the 15 positions with 
variation in LHW A. The Pearson's correlation coefficients and the gradient of regression 
equation between the von Mises strain and variation ofLHWA are presented in Table 7.1 7. The 
regression equations are listed in Appendix C. 
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Fig. 7.29 Variations in the von Mises strain with variation in LHW A. 
-------
DUW LIIW MIIW 
BB 50%IDVH CB BB SO%HWH CB BB SO%HWH 
Pearson's 0,963 0.990 0.997 0.916 0.958 -0,897 -{l.276 0,752 
correlation 
P value 0.000 0.000 0,000 0.000 0.000 0,000 0.411 0.018 
Gradient 18.1 52.5 288,0 42.0 54.0 -177.0 
-------
LII MU 
BB 50%HWH CB BB SO%H\VH CB 
PurSOD's 
-0.910 0.056 -{l.920 -{l.944 0.999 -{l.765 
corrdation 
P value 0.000 0.870 0.000 0.000 0.000 0.016 
Gradient -514.0 -{l.9 -25.1 1.0 
Table 7.17 Correlation coefficients and the gradient between the von Mises strain and the 
LHWA. 
CB 
-{l.133 
0.696 
Similarly with function of MHW A, the main observation from varying LHW A is that the strain 
values do nO! vary significantly as a function of LHW A, in 13 of the 15 positions, In the other 
two positions (BB, LH and CB, DHW) some significant trends are observed: the strain at the BB, 
LH position is almost halved as LHWA increases from 68°_78°. The strain at the CB, DHW 
position is almost doubled when LHW A increases from 68°-78°, but the value is still less than the 
strain at BB, LH as LHW A is 78°. 
7.4.7 Discussion 
Discussions are listed below under: 
• FE model system 
• Effects of shape factors 
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FE model system 
The work in this part of the thesis presents the research of an FE investigation into the effects of 
shape factor in a hoof modelling system which includes the components of a fiat sole and bars. 
McClinchey et al. (2003) has also reported an FE investigation into varying shape factors. There 
are some differences in the FE model system between the work presented in this thesis and the 
work reported by McClinchey et al. (2003), which includes: 
I) The model system in the work reported by McClinchey et al. (2003) did not include the bars. 
The preliminary investigation of the bars function presented in this thesis (section 7.3) shows that 
the presence of the bars does decrease the von Mises strain significantly in the caudal area of a 
hoof. For the BB of the lateral and medial heel, it is even more important to include the bars in 
the model because the bars seem to have particular role in protecting the heel points (BB,LH and 
BB,MH) from overload. Omitting the bars could result in significant loss of accuracy for strain 
predictions in the caudal area of a hoof, especially at the BB,LH and BB, MH, the strain of which 
are extremely higher than that at other positions. 
2) The sole is modelled as a fiat structure in the FE model system presented here. This 
component was constructed as a concave structure in the FE model system reported by 
McClinchey et al. (2003) without indicating the degree of concavity. The degree of concavity is 
difficult to measure without radiographic evidence. The preliminary FE investigation of the sole 
function presented in this thesis (section 7.3) shows that the concavity of the sole does decrease 
the strain on the hoof wall. However, the effect of reduction caused by the concavity is slight. 
Therefore in this thesis a fiat sole is adopted in the FE model system. 
3) The report from McClinchey et al. (2003) investigated 5 positions on the dorsal hoof wall 
surface, which were at 33% hoof wall height down from the CB at the DHW, LHW, MHW, 
lateral 45° and medial 45° respectively. The 'lateral 45°' and 'medial 45°' positioned between the 
DHW and LHW/MHW. Therefore the caudal hoof wall has not been covered in the investigation 
reported by McClinchey et al. (2003). The FE simulations presented in this work however 
indicates that high strains are concentrated in particular at the BB, LH and BB, MH. These 
positions should be given more attentions as they might represent relatively vulnerable positions 
on the hoof. On the other hand, the FE investigation represented in this thesis shows that the 
strain distribution varied with hoof wall height. Thus the data presented in this study covers the 
positions of CB and BB as well as 50%HWH for the DHW, LHW, MHW, LH and MH. 
Effects of shape factors 
• DHWA 
The areas of high strain are BB,LH, BB,MH and CB,DHW (see Fig. 7.21) but the values of the 
strain in all these positions drops off as DHW A increased . 
• DHWAand HA 
When varying the DHWA of the foot by trimming, HA is usually also varied. 
The FE investigation of DHW A shows that the magnitude of displacements of the hoof wall is 
inversely related io DHW A for all 15 positions measured, but does not show a relationship with 
the HA. With regards to strain values, then comparing Table 7.9 and Ta\>le 7.11, the gradients of 
the variation in von Mises strain due to DHW A are bigger than the HA in all positions. This 
indicated a stronger effect of the DHW A on strain values as compared with the HA. To verifY 
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this, three simulations are processed in three geometric forms having the combination of 
DHWAIHA as: 41 ° 141°, 60 ° 141 ° and 60 ° /60°. 
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Fig. 7.31 Comparisons of the von Mises strain in simulations with different DHWAIHA 
combinations (see Fig. 7.12 for the 15 positions). 
The magnitude of displacement and von Mises strain at each of the 15 positions are shown in Fig. 
7.30 and Fig. 7.31. The magnitude of displacement and von Mises strain of the same DHWA 
groups show agreements in all positions with each other. The group of ' DHW A=42 °fHA =42 0 ' 
show both higher displacement and von Mises strain than the other two groups. This indicates 
that, the DHWA affects more in the dorsa-palmar factors on the displacement and strain 
compared with the HA. A similar conclusion was also drawn by McClinchey et al. (2003) in 
which the effect of HA is considered to be 'small to moderate' compared with the DHW A. 
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A foot is considered to be have an under-run heel when the difference between DHW A and HA is 
bigger than So (Turner, 1992). Under-run heels were reported to be observed more frequently in 
the horses having navicular disease (Turner and Stork, 1998). Kane et al. (1998) also reported a 
high risk of suspensory apparatus failure in those feet where the difference between DHW A and 
HA is bigger than 10 0. The FE investigation in this study suggests that the DHW A is the main 
factor to affect the strain distribution on the hoof wall. Of particular concern for overload are the 
heel points (BB, LH and BB, MH) in all cases and the CB, DHW particularly in the case of low 
values for the DHW A. This is an area where further investigation of shape effects could be 
related to internal capsular anatomy. For example, the methods could be used to relate individual 
hoofform to the occurrence of pain syndromes in individual feet. 
• DHW A and DHWL 
The DHWL reduces strain at the BB, LH and BB,MH marginally (i.e. in minor amount), but does 
increase strain at the CB, DHW a noticeable amount. Increasing DHW A does reduce strain at the 
BB, LH; BB, MH and CB, DHW significantly. . 
Increasing the DHWL was found to decrease strains at the DHW in McClinchey et al.'s report. In 
this thesis increasing the DHWL shows a decreasing the von Mises strain at the CB, DHW but 
does not show an effect on the strain at the SO%HWH of the DHW. As the positions investigated 
by McClinchey et al. (2003) are 33% HWH downwards from the CB, which is between the 
SO%HWH and the CB, the findings in the effects on the von Mises strain by varying the DHWL 
might be similar in the two investigations . 
• MHWAand LHWA 
In the shape factor FE investigation of McClinchey et al. (2003), the shape factor of 
LHW A/MHW A were varied as combinations with a difference of 4 0. The work presented in this 
thesis has investigated these two factors as independent factors (vary by I 0 each time) to gain 
their first order effect respectively. 
The FE investigations reported by McClinchey et al. predicted that the more upright at the MHW 
and LHW, the lower strain at the MHW and LHW while the MHWA and LHWA do not affect 
strains at the DHW. However, the work presented in this thesis shows that increasing MHW A or 
LHW A increases the von Mises strain noticeably at the CB, DHW but has a small or marginal 
effect away from the CB, DHW. The most significant effect noticed was that increasing MHWA 
significantly reduced the strain at the BB, MH and respectively, when the LHW A was increased 
then this reduced strain at the BB, LH significantly. This was not observed by McClinchey et al. 
(2003) as they varied the LHWA and MHWA as a combination rather than separately. 
The FE simulation in this study shows that the highest strain in all the IS positions occurs at the 
BB of LH when the MHWA is 4° steeper than LHWA (Fig. 7.21, Fig. 7.23, and Fig. 7.2S). When 
the horse foot has a low LHWA, high strain could concentrate at the BB of LH, but this could be 
reduced by increasing the LHW A because the von Mises strain at BB of LH is affected by the 
LHW A rather than the MHW A. 
The horse foot is not always symmetric as a hoof normally has a steeper MHW A than LHW A. 
And this is likely to explain the constantly higher value of strain observed in the BB,LH than 
BB,MH of the results presented throughout. The FE investigation in this study shows that the 
higher the difference of MHW A and LHW A, the higher the difference between the strain in the 
LHW and MHW, and particularly at the BB, LH and BB, MH. It is not yet clear whether these 
differences caused by the asymmetry are functional requirements of a hoof, or whether the latero-
medial asymmetry should be decreased in a normal horse hoof. This might be an area worthy of 
further investigation. 
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7.5 Conclusion 
I) The details of the FE model have been decided in this chapter to include: 
• Boundary conditions and material properties of FE simulations have been defined and 
decided. 
• The mesh by elements with a size of 5mm is decided to be adopted by considering the 
balance,between the accuracy in predicting the displacement and von Mises strain and the 
capability and run time of the computer. 
• Due to the lack of data of the internal structure, vertical loading is applied on the 
internal surface of the hoof wall. After evaluating a number of alternatives it is decided 
that the most representative method is to apply loading over IOO%CD of the internal hoof 
wall surface. 
2) The presence of the sole decreases the von Mises strain and displacement dramatically on . 
the surface of the hoof wall. The von Mises strain remains high in the caudal region even 
when the sole is included in the model, despite the fact that the strain in other regions is 
decreased by the presence of the sole. The degree of concavity of the sole does not play 
an important role for either the distribution of von Mises strain or displacement, but 
omitting the sole in the FE simulations could cause an overestimation of modelled von 
Mises strain and displacement. The presence of bars decreases the van Mises strain of the 
caudal area dramatically. This effect is even more significant than the effect by the 
presence of the sole at the caudal area of a hoof. Omitting the bars in FE simulations 
would result in loss of the accuracy of von Mises strain in the heel area. Given that the 
absence of the sole could 'cause an overestimation of the strain and displacement but the 
concavity does not play an important role, and exclusion of the bars is likely to result in 
loss of accuracy in determination of the strain in the models, it is decided to include a flat 
sole and the bars in all model systems for further FE investigations. 
3) DHW A is a key hoof wall shape factor in affecting the strain distribution around the hoof 
wall compared with the HA. Of particular interest are areas of high strain which include 
the LH and MH. HA has a small effect on strain seen at the heel. Increasing the DHW A 
reduces the strain at the heel but increasing DHWL increases the strain at the heel. The 
indications are that the relationship between DHW A and DHWL are more important in 
hoof management than the relationship between DHW A and HA. 
4) Increasing the MHWA or LHWA increases the von Mises strain at the CB, DHW. The 
more upright at the MHW and LHW, the lower is the strain at the CB of MHW and 
LHW. The high strain at the BB, LH can be reduced by increasing the LHW A and 
similarly, the strain at the BB, MH can be reduced by increasing the MHW A. 
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Chapter 8 Multi shape factors investigation 
8.1 Introduction 
The first order effects of five shape factors (DHWA, HA, DHWL, MHWA and LHWA) relating 
to 'balance' have been investigated using FE methods in Chapter 7 by varying shape factors one 
at a time in investigations of each shape factor. These five shape factors are often altered during 
the maintenance of the horse hoof. The relationships between the displacements and von Mises 
strain at 15 positions on the hoof wall surface and each shape factor have been assessed. 
Although the information achieved through single shape factor investigation could help to 
understand how each shape factor affect the strain and displacement distribution, it is almost 
impossible to vary only one shape factor during the hoof maintenance in real life. Hence, it is 
necessary to understand the co-effects of varying multi shape factors in analysing or predicting 
the performance of foot maintenance. 
The aim of this chapter is to test if the variations in displacement and von Mises strain could be 
predicted by linear relationships of the combination of these five shape factors. 
8.2 Material and methods 
In this chapter, the shapes of hoof capsules from real horses are captured and modelled using 
techniques and protocols developed in previous chapters. The displacement and strain calculated 
using FE simulations are analysed across varies combinations of the five shape factors, from the 
real horse hooves, by linear regression. These regression results are assessed so as to gain an 
understanding of how effectively they can predict the variation of displacement and von Mises 
strain. 
8.2.1 Hoof sample and modelling 
All hooves adopted in this work were collected from an abattoir. In total 65 hooves have been 
collected, of which- 4 I are front feet. The information including body size and weight was not 
available. All hooves were cut from the fetlock joint immediately after slaughtering, and then 
stored in a freezer at a temperature of -4 'C before testing. 
The hoof walls for all hooves are modelled using the representative template constructed in 
chapter 5. The values of parameters are taken following protocols described in section 5.5.2 and 
5.6.2. Apart from the values of parameters taken directly from the hoof, all the other parameter 
values are taken from the 3D surface model constructed following data captured by the FaroArm 
CMM technique, whose protocols were given in section 4.7 A flat sole and bars are included for 
each model. The values of parameters for each hoof are given in Appendix D. 
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8.2.2 FE simulations 
An FE mesh with 3D tetrahedral elements having a size of Smm for each finite element is adopted 
for all geometric forms. The material property and constraints at boundaries are assigned in 
accordance with section 7.2.1 and section 7.2.2. 
Vertical loading is applied on the whole inside surface of the capsule according to the mesh 
geometric form for each hoof model in accordance with section 7.2.S. Since the body weight of 
each horse was not available, then the value of loading adopted is estimated by a standard hoof as 
follows: 
Ld Ld S(I-hoof) 
(I-hoof) = (j-hoof) S 
(.f-hoof) 
(Equation 8.1) 
In which the LdU-hoof) is the loading applied to the target hoof sample; Ld(.'_h~f) is the loading 
applied to a standard horse; SU-hOOf) is the area of the 100%CD internal surface of the hoof wall 
above the sole for the target hoof sample; SU-hOOf) is the area of the 100%CD internal surface of 
the hoof wall above the sole for the standard hoof sample. The standard hoof geometric form is 
the CAD solid model Ch7-1 adopted in Chapter 7, of which the values for key parameters are 
adopted from the average values of the control group of horse hooves in Kane et al. (1998). In 
this manner, all the hoof samples could be given a similar level of loading following the same 
principal. 
8.2.3 Linear regression 
Linear regressions are conducted among the 41 front feet by Minitab IS at an a-level of O.OS. The 
regression uses five shape factors of DHW A, HA, HOWL, LHW A and MHW A, which relate to 
'foot balance' and the premise is therefore, these S shape factors are sufficient to estimate values 
of the displacement and von Mises strain (using the FE models developed) on the IS positions by 
the following equation: 
Response factor = a + L)iXi (Equation 8.2) 
The premise is to be tested here. The response factor is the displacement or von Mises strain at 
each position in this case (e.g., S(CB,DHW) represents the von Mises strain at CB of DHW); a is a 
constant; Xi is the shape factor; bi is the coefficient of the shape factor. 
To increase the performance of regression, only those shape factors have been assessed which 
have a linear relationship with the response factor in single shape factor investigations are chosen 
to be the predictor. For example, the von Mises strain at the SO%HWH of DHW shows linear 
related to DHWA, LHWA and MHWA (p<O.OI), but does not show a linear relationship with 
DHWL and HA (p>O.OI)(see Table 7.8, Table 7.10, Table 7.12, Table 7.14 and Table 7.16). The 
prediction of strain at the SO%HWH of DHW is then only predicted by shape factors of DHW A, 
LHW A and MHW A as follows: 
S(lO%HWH.DHW) = a+b, x DHWA +b, x LHWA +b3 xMHWA (Equation 8.3) 
ISS 
Chapter 8 Multi shape factors investigation 
8.3 Results 
8.3.1 Distribution of each shape factor 
The nonnality of distribution in each shape factor in both front feet group and mixed feet groups 
is tested by Anderson Darling test ofNonnality at an a-level of 0.005. 
The distributions of the shape factor of DHW A, HA, DHWL, MHW A and LHW A in both front 
feet group and mixed feet group are shown in Fig. 8.1 - Fig. 8.10. 
Distribution of ot-IWA In front feet 
Ncrmal 
Fig.8.1 Distribution of the DHW A in a front feet group. 
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10 
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Distribution ofOH\NA In ml)(ed feet 
..... mal 
Fig.8.2 Distribution of the DHW A in a mixed feet group. 
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Fig. 8.3 Distribution of the HA in a front feet group. 
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Fig. 8.4 Distribution of the HA in a mixed feet group. 
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Fig. 8.5 Distribution of the DHWL in a front feet group. 
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Fig. 8.6 Distribution of the DHWL in a mixed feet group. 
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Fig. 8.7 Distribution of the MHW A in a front feet group. 
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Fig. 8.8 Distribution of the MHW A in a mixed feet group. 
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Fig. 8.9 Distribution of the LHW A in a front feet group. 
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Fig. 8.10 Distribution of the LHWA in a mixed feet group. 
Summary of the distribution of each shape factor is listed in Table 8.1: 
group sample mean SD minimum maximum 
size 
nHWA front group 41 48.34 6.256 28.0 60.8 
(') mixed group 65 49.58 5.928 28.0 65.1 
HA front group 41 38.67 4.529 30.0 50.1 
(") mixed group 65 39.28 4.611 30.0 50.1 
nHWL front group 41 91.50 11.42 70.1 113.2 
(mm) mixed group 65 92.60 11.35 70.1 115.1 
MHWA front group 41 79.97 5.021 69.9 89.9 
(") mixed group 65 80.83 4.979 69.9 90.5 
LHWA front group 41 72.76 6.029 51.2 83.5 
Cl mixed group 65 74.37 5.731 51.2 85.5 
Table 8.1 Summary of the distribution of each shape factors. 
A comparison of the five shape factors measured in this work with literature is demonstrated in 
Table 8.2. 
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Author Sample DHWA(') DHWL(mm) HAC) MHWAC) LHWA(') 
This thesis N-65(mixed) 28.0° -65. JO 70.0mm-115.lmm 30.0° -50.1 ° 69.9 ° -90.5 ° 51.2 ° -85.5 ° 
(mean=49.58°; SO=5.93°) (mean=92.60mm; (mean=39.28°; (mean=80.83 0; (mean=74.37°; 
SO=11.35mm) SO=4.16°) SO=4.98°) SD=5.73°) 
N=4 I (front) 28.0° -60.8° 70.0mm-113.2mm 30.0° -50.1 ° 69.9 ° -89.9 ° 51.2-83.5 ° 
(mean=48.34°; SO=6.26°) (mean=91.50mm; (mean=38.67°; (mean=79.97°; (mean=72.76°; 
SO=II.42mm) SO=4.53°) SO=5.02°) SD=6.03°) 
Holland's (2004) N=91 (mixed) 35.0° _61.0° 73mm-114mm 57.0 ° -95.0 ° 57.0 ° -103.0 ° 
N=28 (front left) 41.0° -60.0° 81mm-150 mm 58.0 ° -87.0 ° 54.0 ° -86.0 ° 
Thomason et al. N-9 (front right) 47.5"-58.3" 84.9mm-99.3mm 28.8 ° -48.1 ° 72.3 ° -90.0 ° 67.7 ° -84.1 ° 
(2002) 
Stashak et al Textbook: 45° _50° for front; 
(2002) 50° -55° for hind; 
Farriery professionals 
observations: 53° _58° for 
front and 55°-60° for hind. 
Kane et al. N=25 (non-CMI) 50.7° 88.9mm 41.6 ° 77.0 ° 72.8 ° 
( 1998) N=70 (CMI) 49.7° 89.3mm 40.0 ° 75.4 ° 73.4 ° 
N=43 (SAF) 49.2° 89.2mm 39.3 ° 74.8 ° 73.0 ° 
N=IO(COY) 48.4° 90.3mm 38.8 ° 75.6 ° 73.1 ° 
Kaneps et al. N=IO(foal trim) 51.3° ±2.6° 46mm±5.0mm 
(1998) N= I O( foal un-trim) 56.1 ° ±2.1 ° 59mm±5.0mm 
Turner et af. 52° ±2° for front 
(1992) 55° ±2° for hind 
Balch et af. 50°_54° for front 
(1991) 53°_57° for hind 
Glade and Front 45.0 0 
Snows (1985) Hind 52.0° -53.0° 
Leach (1980) 47.0° 
Table 8.2 Comparison of the five shape factors measured in this work with literature. 
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The mean of the DHW A in the mixed feet group is found to be steeper than that in the front feet 
group. This difference may be a reflection of the difference in DHW A of the front feet and hind 
feet, and is also coincidental with the observations from other researchers including, Glade and 
Snows (1985), Balch et al. (1991), and Turner et al. (1992) which indicate that the average 
DHW A in the hind feet is steeper than that in front feet (see Table 8.2). 
The mean values of other shape factors of the DHWL, HA, MHW A and LHW A, surprisingly, 
are found to be greater in the front feet group than that in the mixed group. These differences 
have not yet been given enough attention in literature. Due to the fact that hoof samples in this 
work were randomly selected hooves from an abattoir it is impossible to judge if they were all 
completely normal feet, it is not clear if these differences in shape are related to the different 
performances of the front feet and hind feet. This is an area for further work. 
8.3.2 Regression results 
The magnitude of displacement models estimated by regression using shape factors at the 15 
positions are listed in Table 8.3. 
Position Regression p R' (%) 
BB NIA NIA NIA 
50%HWH D(50%HWlLDHW,-I.SS·0.0129DHWA+0.0 I 26DHWkO.0 119LHWA· 0.000 42.1 DHW 0.00967MHW A ,"-'{;: 
. ; 
CB D'CB.DllW)-2.63·0.0 ISSDHW A+0.00907DHWL·0.0 145LHW A· 0.051 22.5 0.004SMHWA 
BB D(BB.LHW)-O. 797 ·0.00305DHW A+0.00S09])H~::;g.0 115MHW A 0.001 3~.6 
. 
LHW 50%HWH D(50%lIWH.LHW)-<J.457 ·0.00057D HW A+0.0123DHW·0.0132MHWA 1<0.000 : 41':5: .. :' . , ' , 
. CB D'CB.LHW)-1.04+0.00071 DHWA+O.OI 64DHWL,O,OI 30Ll:fWA. 0.001 . 
.. 
0.0141MHWA .'. . ... 
.:. 
BB D(BB.MHW)-1.59·0.00590DHWA·0.00043DHWL·0.0 III LHW A 0.205 
D(50".4HWH,MHW) 1.34·0.00203DHWA+0.0039SDHWL·0.00S43LHW A-
MHW 50%HWH 0.00666MHW A 0.195 
LH 
MH 
CB D'CB .• fliWl-2.94-0.0249DHW A·o.oO 149DHWL-0.0.I34LHW A- 0.005 0.001 73MHWA 
BB D'BB.Cl'1) 2.75-0.0061 DHW A+0.OISSDHWL·0.0252LHW A· 0.003 0.0219MHWA 
50%HWH 0(50%HWH.LH,-2.55·0.0063 DHW A +0.0204DHWL'0.0285LHW A· 0.006 O.OISOMHWA 
CB D(CBI.H)-2.40·0.0070DHWA+0.0229DHWL·O.02~3LHWA- 0.013 0.01 76MHWA 
BB D,BB.MH)-4.S5-0.0 IS7DHW A-0.00403DHWL-0.0163LHW A· 0.063 0.0236MHWA 
50%HWH D(50%HWH.MH)-4.S0-0.0 197DHW A·0.00509DHWL·0.0242MHW A 0.106 0.0127LHWA 
CB D(CB.MH)-5.0 1·0.0216DHWA-0.00668DHWL·0.OI 0 I LHWA- 0.152 0.0258MHWA 
Table 8.3 The magnitude of displacement at 15 positions on the hoof wall estimated by 
regressIOn. 
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The regression result shows that the displacement model at eight posItions among the 15 
estimated by the regression is significant at level of 95% (p<0.05). These positions are: 
50%HWH of DHW, BB, 50%HWH and CB of LHW, CB of MHW, BB, 50%HWH and CB of 
LH. However the low R'value in all these 8 positions indicates that only a very low percentage 
of the variance in displacements could be explained by the regression equations. The best 
prediction occurs at the 50% HWH of DHW, in which 42.1 % of the variance in displacements 
could be explained by the regression equation. 
The von Mises strain estimated by regression using shape factors at the 15 positions are listed in 
Table 8.4 . 
LHW 
MH 
W 
LH 
MH 
Position Regression 
50%HWH S (SO%HWH, DHW) 
CB 
S (CB, DHw)=B163-87 .SDHWA-
38.1HA+2.1DHWL+21.4LHWA+6.8MHWA 
BB S(BB,LHW) 
SO%tHWH S (50%HWH,LHW) =227 4+20. 4LHWA-12 .2MHWA 
SOO/oHWH S (SO%HWH,MHw)=-l 
CB S(CB,MHW)=22920-60 .lDHWL-172 LHWA 
HWH S(SO%HWH.LHI 
CB 
S(CB.LH)=665-8. 9DHWA-S. 7HA-14. 7DHWL 
+19.7LHWA+O.2MHWA 
BB S(BB.MHJ=l 
50%HWH S (SO%HWH,MH)=94 7-4. 6SDHWA-6. 04HA-2. 96MHWA 
p 
0.437 11.7 
0.675 6.1 
0.436 12.4 
0.477 9.1 
.9 
Table 8.4 The von Mises strain models at 15 positions on the hoof wall estimated by regression. 
The regression result shows that the von Mises strain model at four positions among the 15 
estimated by the regression is significant at a level of95% (p<0.05). These positions are: BB and 
50%HWH of DHW, CB of LHW and CB of MH. Similarly with the predications in variation of 
displacements, low R' values in all these 4 positions indicate that a very low percentage of 
variation in the von Mises strain has been explained by the linear regression equations. The best 
prediction occurs at the 50% HWH of DHW, in which 44.1 % of the variance in von Mises strain 
could be explained by the regression equation. 
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8.4 Discussion 
The variation in displacements and von Mises strain have. not been predicted successfully by 
linear relationships of the combination of the five shape factors in all 15 positions. These 
disappointing facts can be explained by the following reasons: 
I) The combination of five shape factors are not enough to indicate the effects of 
differences in shapes among different hooves, and therefore the variations of these five shape 
factors are not enough to indicate the variations in displacement and von Mises strain. For 
example, although the five shape factors investigated in this work are related to 'balancing 'a foot, 
they are all measurements in spatial space. Non consideration has been given to the solear surface 
and BB, which is the interface between the foot and the ground and the shape of which has great 
potential to affect the force transmission and distribution. A foot from a 'Thoroughbred' horse 
often has a 'narrow' base compared with that from a 'Quarter' horse. A hind foot is thought to 
have a 'long' base compared with a front foot. In this work although the hind feet have been 
excluded from the regression, the breeds were mixed in the hoof samples. This should be 
considered as a factor in further work. For example, the shape factor of CD and WHW (see Fig. 
S.2 ), which are linear measurements at the solear aspect and could ·potentially reflect the shape 
differences in the BB may be considered for further work. 
2) The relationship between shape factors and the variation of displacement and von Mises 
strain could be more complex than linear relationship. In fact, in the single shape factor 
investigations, low R' occurs in some models estimated by linear regression (e.g., the von Mises 
strain model at BB of LH regressed by the DHWL, R'=S3.2%), which indicates those models 
estimated by a simple linear regression analysis are not satisfactory and it may require more 
complex models. 
3) More data is required to estimate the model by regression. The 41 front feet adopted in 
the regression have been collected from 21 horses, which means both left and right feet are 
selected in most horses. The left and right feet from the same horse may have similar shapes, 
which could reduce the performance in regression. Due to the lack of data on body size and body 
weight, loadings applied in this part of the work have to be roughly estimated for each of hoof. In 
further work, more hoof samples should be considered. This will need long term collaboration 
with farriery professionals and veterinaries. 
8.5 Conclusion 
The variation in displacement and von Mises strain have not been predicted successfully by linear 
relationships by the combination of the five shape factors in all I S positions, although at the 
SO%HWH of DHW, both predictors of displacements and von Mises strain have predicted nearly 
SO% of the variations. This might indicate that more shape factors and more complex 
relationships have to be considered in further investigations of the effects in bio performance by 
multi shape factors. 
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Chapter 9 Conclusions and further work 
Work in this thesis is performed to address two major aims: to develop validated engineering 
tools and test protocols for capturing and characterization of the shape of the hoof capsule; 
and to investigate how variation in shape factors of the hoof capsule affects the biomechanical 
functions by finite element (FE) simulation. Important findings and areas of further work are 
discussed below. 
9.1 Conclusions 
The work presented in this thesis has made original contributions in the following areas: 
• Shape capturing 
• Shape characterization 
• FE investigations of shape factors 
Shape capturing 
Two kinds of techniques have been investigated to capture the shape of the horse hoof: the 
non-contact techniques and the contact technique. 
• In non-contact techniques, the possibility and difficulties of three kinds of laser 
scanner have been investigated to capture the shape of the horse hoof. The shape 
capturing from the hoof of a live horse by the FastScan COBRA laser scanner, which 
is designed for moving objects, has not produced a satisfactory result due to the 
limitations of the scanner, the working conditions and the surface condition of the 
hoof capsule. However, the successful capturing of the external shape from a cadaver 
hoof using ModelMaker laser scanner X70 exhibits the possibility of capturing the 
hoofshape by 3D scanning techniques. 3D digitized data achieved from scanning has 
been constructed and converted into different engineering standard formats to fulfil 
the· purpose of further CAD modelling and FE investigation. The output of these 
efforts can potentially be used not only for 3D digitized data achieved by 3D laser 
scanning, but also other clinical professional techniques including CT and MRI 
scanning. 
• In the contact technique, the FaroArm CMM device, which captures and record 
surface detail of a target object in a contact way, has been investigated to capture the 
surface detail of a cadaver horse hoof. This device enables surface detail recorded as 
control points, and through which splines can be generated to be constructed into a 
3D surface model. The protocol for capturing the hoof cadaver has been focussed on 
the external shape of the hoof wall. After deciding the approach of applying splines 
164 
Chapter 9. Conclusions and fUrther work 
and selecting control points, a protocol has been established to construct a 3D CAD 
surface model of a hoof wall from a cadaver hoof. 
• The validation of the shape capturing techniques and protocols are conducted by three 
representative equine hoof geometric forms. The 3D laser scanning technique 
exhibits a consistent accuracy in geometric forms with different morphology, with 
average differences of 1.0-1.1 mm throughout the entire geometry between the 
original models and the models derived from the scanning protocol. The accuracy of 
FaroArm CMM capturing method is likely to vary among geometric forms with 
different morphology. However, the average difference throughout the entire 
geometric form between the original geometric form and the model derived from the 
FaroArm CMM protocol is 0.4-0.6mm throughout the entire geometry between the 
original models and the models derived from The FaroArm CMM protocol, which 
indicates that FaroArm CMM capturing is more accurate than 3D laser scan capturing 
at the current stage. 
Shape characterizing 
• The horse hoof has been characterized by 62 parameters. Using these parameters a 
representative hoof wall template is constructed following a rational of constructing 
the BB outline on the solear aspect from a series of parameters and then constructing 
the CB outline in the 3D spatial space by defining the linear distances and 
inclinations from each measurement site on the BB outline. The parameters are 
defined by variations rather than fixed values so that new geometric forms can be 
created by importing new values of parameters without repeating the construction 
work. 
• The validation of the parametric representative hoof wall template is conducted by a 
simplified geometric representation of a horse hoof in 79 inspection sites throughout 
the entire geometric form. The external hoof wall surface in the model created from 
the representative hoof wall template by importing parameter values achieved 
following measurement taken protocols affords an average difference ofO.795mm in 
the 79 inspection sites with the original geometric form, which is less than I % of the 
maximum linear distance measurements from the dorsal aspect to the caudal aspect 
on the so I ear surface. 
FE investigations of shape factors 
• The construction of the FE model has been decided before the FE investigation of the 
effects of shape factors, by considering: 
I) The constraints at boundaries and material properties of FE simulations have 
been defined; the size of mesh elements have been adopted by considering the 
balance between the accuracy in predicting the displacement and von Mises strain 
and the capability and run time of the computer. 
2) Forces associated with weight-bearing of the horse are carry through the distal 
phalanx to the hoof wall as a result of the anatomical organisation SADP. Due to a 
lack of specific data on this, the FE investigation in this thesis is used a vertical 
loading, equivalent to body weight, applied directly on the internal surface of the 
hoof wall. An investigation was undertaken on how best to do this: The 
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investigation concluded that the most representative simulation is achieved by 
applying the load across the whole internal hoof wall surface (i.e. 100%CD). 
3) The approach in dealing with the components of sole and bars is decided by 
comparing the displacement and von Mises strain in 6 simulations with different 
sole and bars combinations. It shows that the absence of the sole could cause an 
overestimation of the strain and displacement. The concavity of the sole does 
decrease the strain on the hoof wall, but the effect is slight, compared to the 
absence of a sole. The bars decrease the strain at the heel area of the hoof wall 
dramatically. It is clear that one major function of the bars is to eliminate the.stress 
concentration on the lateral heel and medial heel. Exclusion of the bars from the 
FE model will result in a significant loss of accuracy in the stress/strain predicted at 
the bearing border of lateral heel and medial heel. Therefore it is decided to include 
a flat sole and the bars in all model systems for further FE investigations. In the 
mean time, the simulation results have indicated a high level of strain during 
loading at the junction of the wall and the sole which is known as the area of white 
line. The high strain in this junction area indicates that the white line has an 
important functional role. 
• The effects of five shape factors related to 'balance' a foot are investigated using FE 
simulations. They are: DHW A, HA, DHWL, MHW A and LHW A. The first order 
effects of five shape factors are investigated by varying shape factors one at a time in 
investigations of each shape factor. The conclusions include: 
I) DHW A is a main shape factor in affecting the strain distribution around the hoof 
wall compared with the HA. Of particular interest are areas of high strain which 
include the LH and MH. HA has a small effect on strain seen at the heel. Increasing 
the DHW A reduces the strain at the heel but increasing DHWL increases the strain at 
the heel. The indications are that the relationship between DHW A and DHWL are 
more important in hoof management than the relationship between DHW A and HA. 
2) Increasing MHWA or LHWA increases the von Mises strain at CB, DHW. The 
more upright at the MHW and LHW, the lower is the strain at the CB of MHW and 
LHW. The high strain at the BB, LH can be reduced by increasing the LHWA, and 
similarly, the strain at BB, MH can be reduced by increasing the MHW A. 
• Although infonnation obtained from the first order effect of single shape factor 
investigation can help to understand how each shape factor affects the strain and 
displacement distribution, it is necessary to understand the effects of varying multi 
shape factors. This is because foot maintenance, by farriery, will vary multi shape 
factors. In this thesis, the displacement and strain calculated using FE simulations 
seek to predict strain and displacement using combinations of the five shape factors 
apply to 41 real horse hoof samples by linear regression. Unfortunately, the variation 
in displacement and von Mises strain have not been predicted successfully by linear 
relationships by the combination of the five shape factors in all 15 positions of the 
hoof wall. This output indicates that more shape factors and more complex 
relationships might be considered in further investigations of the co-effects by multi 
shape factors. 
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9.2 Further work 
Three main areas of further work are identified and they are listed as follows: 
• Shape capturing and characterization 
• FE investigations 
• Investigations of shape factors 
Shape capturing and characterization 
Originally the shape capturing by 3D laser scanning techniques in this work sought to 
establish a protocol to capture the shape of hoof capsule from a live horse. This, however, 
failed due to the limitations of the technique itself and those difficulties caused by the 
movement of the horse hoof. The security consideration needs to be taken into account due to 
the short distance is required to achieve a high quality scan result. In this respect, optical 
systems from GOM mbH could probably be considered for further work. The ATOS system 
from GOM mbH observes the target object using two cameras. 3D coordinates for each 
camera pixel are calculated and a triangulation mesh of the object's surface is generated. 
Comparing with a 3D laser scan, a significant advantage of the system is that it may capture 
the shape at a great distance with high quality, which may provide a safer operating 
environment for researcher and the target horse. This could be considered for shape capturing 
of the hoof from a live horse in the future. 
The characterization of the hoof wall shape has primarily focus sed on the shape which joints 
the BB outline to the CB outline. Due to the limitations in the modelling technique, the hoof 
wall between these two outlines has been simplified to be straight proximo- distally in the 
CAD parametric representative hoof wall template. In further work the characterization of 
the curvature in hoof wall could be considered. It would be interesting to investigate the 
functions or effects of the curvature structure so that more knowledge could be obtained from 
an engineering point of view. Furthermore, it would be worth in investigating whether the 
amount of parameters could be reduced to characterize the shape of a horse hoof. In the 
representative hoof wall template constructed in this thesis, 62 parameters are adopted to 
characterize the shape of a hoof wall. Model construction time could be cut down if the 
number of parameters can be reduced without decreasing the accuracy of shape 
characterization. 
FE investigations 
Although the FE techniques have been applied by different researchers in investigations of 
equine foot for different purposes, there is still a long way to go to achieve an accurate FE 
models for the equine foot. The following areas should be considered for further FE 
investigations: 
• The accuracy of the components in geometric forms and the method of assembling. 
Precise prediction and analysis by FE techniques requires an accurate representation 
of the 'system', which include, an accurate morphology of each component, and the 
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correct assembling of different components. Current reported FE investigations 
including the work presented in this thesis have simplified the hoof into limited 
components, due to the high complexity of the anatomical structure of the horse hoof. 
This may be improved upon by clinical 3D digitized techniques, such as MRI or CT . 
A recent research link to this work has begun to conduct anatomical CAD modelling 
and analysis from MRI scan data (Li, 2008). 
• Appropriate material properties need to be established. For example, although the 
property of hoof wall horn has been reported by several researchers, uncertainty 
remains. Reilly et al. (1996, 1998) have shown that the stratum medium (SM) of the 
hoof wall can be considered as a four layer system using tubule density counts. 
When tubule morphology, as opposed to tubule density, is used as a defining method, 
then the SM appears to have three layers according to Kiinig (2001) and Patan (200 I). 
Future work should compare results with a four layer SM in order to assess whether 
any functional significance can be related to this anatomy, from a modelling 
perspective. 
• The improvement in defining boundary conditions. Assumptions and estimates for 
the boundary conditions used in this work are based on available information in the 
literature and common sense. These have· to be improved upon in the future based 
upon updated knowledge achieved from further tests. The boundary conditions in 
different gaits may possibly be observed by the PONTOS system, which is another 
product from GOM mbH for optical, dynamic 3D analysis. It enables the precise 
position and motion calculation of structures and components by tracking and 
synchronizing positions of markers attached to the target object. This could be an 
area of further work. 
• Validations have to be considered for FE investigation. Validation of the horse hoof 
FE investigations is a big challenge at the current stage of research in this area. Due 
to limitations in current modelling and FE techniques, most currently reported FE 
models, including the model created in this work, have simplified the hoof into very 
simple components and architectures. For example almost all reported models, 
including the model created in this work have used only the external structure of the 
hoof. The distal phalanx has been missing in almost all models reported by Newlyn 
et al. (1998), Thomason et al. (2002), McClinchey et al. (2003) and Hinterhofer et al. 
(2000, 2002). All reported in-vivo data and in-vitro data until today however has 
been achieved from the real horse hoof. In this regard, there exists a significant gap 
between the models adopted for FE investigations and a real horse hoof. The 
validation of FE investigations in further work could consider two possibilities to 
reduce this gap. First of all, the FE system could be improved by including more 
components, especially those tissues involved in force transmission and distribution, 
e.g., the distal phalanx. Secondly, the models can be updated by more accurate 
material properties and boundary conditions with information obtained from further 
testing so that the FE system is comparable with a real horse hoof. The information 
about internal structure and tissues can be achieved from MRI scan data, as 
demonstrated by Li (2008). Secondly, a vitro validation could be considered in part 
of the hoof capsule rather than a complete hoof. For example, a recent demonstration 
has been given of an Instron machine using a fixture designed to fix an RP model of a 
hoof capsule (Patel, 2008) with an aim to apply static loading on a hoof capsule. This 
could be considered for the validation of a model containing only the hoof capsule 
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when combining with a full field strain and displacement analyse system, such as the 
ARAMIS system in further work. 
Investigation of shape factors 
The effects of loading on deformation and strain distribution of the hoof capsule by five shape 
factors have been investigated in this work. These five shape factors are selected because 
they are directly related to the 'balance' of a foot and are often altered during maintenance. 
They are believed to be important for optimal distribution of force within the foot. Although 
in this work their first order effects have been investigated by FE simulations, the co-effects 
by the combination of these factors are still not clear. This should be an area for further work. 
Furthermore, more shape factors could be considered for further work. For example, the CD 
and WHW of a hoof wall, which may not be altered during the maintenance, but varies 
dramatically among hooves from different breeds. The investigations of these factors may 
gain an insight in understanding the differences in the performances of different breeds of 
horse. 
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Appendix A Statistic analysis in Chapter 6 
Comparison of the 3D laser scan results in three geometric forms 
The two sample t-test at an a level of 0.05 are conducted using the data obtained from three 
geometric forms by the 3D laser scanning technique to compare the accuracy of 3D laser 
scanning capturing in different geometric forms. The comparisons are listed in Table 1: 
data set data set 2 Ho H, 
1 
P 
scan- scan-horse means of the two sets of means of the two sets of 0.386 
donkey data are the same data are not the same 
scan- scan-cone means of the two sets of means of the two sets of 0.914 
horse based horse data are the same data are not the same 
scan- scan-cone means of the two sets of means of the two sets of 0.413 
donkey based horse data are the same data are not the same 
Table 1 The two-sample t-tests for data sets achieved by 3D laser scanning capturing among 
different geometric forms. 
The comparisons show that p>0.05 between each pair of data sets, which indicates that there 
is no significant difference between the accuracy of 3D laser scanning capturing in all three 
geometric forms. 
Comparison of the FaroArm CMM capturing results in three geometric forms 
Similarly, the two sample t-test at an a-level of 0.05 are conducted among the data obtained 
from three geometric forms by the FaroArm CMM to compare the accuracy of FaroArm 
CMM capturing in different geometric forms. The comparisons are listed in Table 2 : 
data set 1 data set 2 Ho H, 
CMM- CMM-horse means of the two sets means of the two sets of data 
donk"}' of data are the same are not the same 
CMM-cone CMM-horse means of the two sets means of the two sets of data 
based horse of data are the same are not the same 
CMM- CMM-cone means of the two sets means of the two sets of data 
donkey based horse of data are the same are not the same 
Table 2 The two-sample t-tests for data sets achieved by FaroArm CMM capturing among 
different geometric forms. 
P 
0.000 
0.004 
0.000 
The comparisons shows that p<0.05 for each pair of data sets, which indicates that there are 
significant differences between each set of data. This indicates that the accuracy of the 
FaroArm CMM capturing protocol varies between different geometric forms. 
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Comparison of the data capture methods (3D laser scan vs. FaroArm CMM) 
across the three geometric forms 
The two sample t-test at an a-level of 0.05 are compared between the data achieved by the 
FaroArm CMM capturing and the 3D laser scanning capturing in each of the three geometric 
forms to compare the accuracy of the FaroArm CMM and 3D laser scanning capturing. As 
the mean values in data captured by FaroArm CMM are shown to be less than that in data 
captured by 3D laser scanning in each geometric form, a single tail test is conducted rather 
than a two tail test. The comparisons are listed in Table 3. 
Representative donkey hoof 
data set I data set 2 Ho H, 
CMM- scan-donkey means of the two sets of data means of data set I is less 
donkey are the same than that 0 f data set 2 
Representative horse hoof 
data set I data set 2 Ho H, 
CMM-horse scan-horse means of the two sets of data means of data set I is less 
are the same than that of data set 2 
Cone based horse hoof 
data set I data set 2 Ho H, 
CMM-cone scan-cone based means of the two sets of data means of data set I is less 
based horse horse are the same than that of data set 2 
Table 3 The two-sample t-tests for data sets achieved by FaroArm CMM capturing and 3D 
laser scanning capturing in each geometric form. 
The comparisons in each geometry shows that in all the three geometric forms, the magnitude 
linear distance data achieved by FaroArm CMM capturing is less than that achieved by a 3D 
laser scanning capturing (p<0.05), which indicates that the accuracy by a FaroArm CMM 
capturing is better than that by a 3D laser scanning capturing in all three geometries. 
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Appendix B Parameter values for the CAD hoof wall model 
used in Chapter 7 
Key parameters 
(adopted form average size of the control group reported by Kane et al. (1998» 
I Dorsal hoof wall angle (DHWA) 50.7" 
2 Dorsal hoof wall length (DHWL) 88.9mm 
3 Heel angle on DP plane left (HA_DP _L) 41.6" 
4 Heel angle on DP plane right (HA_DP _R) 41.6" 
5 Heel length left (HL_L) 43.5mm 
6 Heel length left (HL_R) 43.5mm 
7 capsule depth (CD) 115.6mm 
8 widest hoof width (WHW) 124.5mm 
9 Hoofwall angle on LM plane on WHW left (HWA_WHW_LM_L) (LHWA) 72.7" 
10 Hoof wall angle on LM plane on WHW right (HWA_WHW_LM_R) 
(MHWA) 77.0" 
Parameters taken from solear aspect 
11 measurement site widest hoof width (S_ WHW) 61.7 mm 
12 widest hoof width left (WHW _ L) 62.3 mm 
13 heel width (HW) 65.0 mm 
14 heel width left (HW _L) 32.0mm 
15 measurement site I (S _I) 28.9 
16 measurement site 2 (S _ 2) 46.2mm 
17 measurement site 3 (S_3) 69.4mm 
18 measurement site 4 (S_ 4) 86.7mm 
19 measurement site 5 (S_5) 104.0mm 
20 wall thickness at DHW(TH_DHW) 10.5mm 
21 wall thickness I (TH_I) 11.8mm 
22 wall thickness 2 (TH_2) 9.0mm 
23 wall thickness 3 (TH_3) 8.4mm 
24 wall thickness 4 (TH_ 4) 8.9mm 
25 wall thickness 5 (TH_5) 13.5mm 
(to be continued) 
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(continue ITom last page) 
Parameters taken from solear aspect 
26 wall thickness at WHW (TH _ WHW) 8.6mm 
27 hoof width I (WH _I) 105.0mm 
28 hoofwidth I left (WH_I_L) 52.5mm 
29 hoof width 2 (WH_2) 120.0mm 
30 hoof width 2 left (WH_2_ L) 60.0mm 
31 hoof width 3 (WH _3) 123.8mm 
32 hoofwidth 3 left (WH_3_L) 61.9mm 
33 hoof width 4 (WH _4) 115.0mm 
34 hoof width 4 left (WH_ 4_L) 57.5mm 
35 hoof width 5 (WH_5) 79.0mm 
36 hoof width 5 left (WH_5_L) 79.0mm 
37 bar_angle 45· 
38 bar_length 30.0mm 
Parameters taken from spatial space 
39 Hoof wall angle on OP plane on measurement site I left (HWA_I_OP _L) 50.7" 
40 Hoof wall angle on DP plane on measurement site 1 right (HWA 1 DP R) 50.7" 
41 Hoof wall angle on LM plane on measurement site 1 left (HWA 1 LM L) 77.1· 
42 Hoof wall angle on LM plane on measurement site 1 right (HWA I_LM_R) 79.0· 
43 Hoofwall angle on OP plane on measurement site 2 left (HWA 2 OP L) 50.?" 
44 Hoof wall angle on DP plane on measurement site 2 right (HWA 2 DP R) 50.7" 
45 Hoof wall angle on LM plane on measurement site 2 left (HWA 2_LM L) 74.5· 
46 Hoof wall angle on LM plane on measurement site 2 right (HWA 2 LM R) 78.5" 
47 Hoof wall angle on OP plane on measurement site 3 left (HWA 3 OP L) 50.7" 
48 Hoof wall angle on DP plane on measurement site 3 right (HWA 3 DP R) 50.?" 
49 Hoof wall angle on LM plane on measurement site 3 left (HWA 3_LM L) 72.0· 
50 Hoof wall angle on LM plane on measurement site 3 right (HWA 3 LM R) 76.2· 
51 Hoof wall angle on OP plane on measurement site 4 left (HWA_ 4_0P _L) 50.7" 
52 Hoof wall angle on DP plane on measurement site 4 right (HWA 4 DP R) 50.7" 
53 Hoof wall angle on LM plane on measurement site 4 left (HWA 4 LM L) 70.3· 
54 Hoof wall angle on LM plane on measurement site 4 right (HWA 4 LM R) 74.3· 
55 Hoof wall angle on OP plane on measurement site 5 left (HWA_S_OP _L) 50.7" 
56 Hoof wall angle on DP plane on measurement site 5 right (HWA 5 DP R) 50.7" 
57 Hoof wall angle on LM plane on measurement site 5 left (HWA 5 LM L) 70.0· 
58 Hoof wall angle on LM plane on measurement site 5 right (HWA 5 LM R) 73.0· 
59 Hoof wall angle on DP plane on WHW left (HWA WHW DP L) 50.7" 
60 Hoof wall angle on DP plane on WHW right (HWA WHW DP R) 50.?" 
61 Heel angle on LM plane left (HA LM L) 73.0· 
62 Heel angle on LM plane right (HA LM R) 73.0· 
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Appendix C Correlation coefficients and regression equations 
between the displacement, von Mises strain and each shape factor 
in Chapter 7 
~ The maenitude of displacement Pearson's P value Regression Equation R2% correlation 
BB 
SO%HWH 
-0.990 0.000 2.04 - 0.0295 DHWA 97.9 
DHW CB 
-0.988 0.000 3.61 - 0.0538 DHW A 97.6 
BB 
-0.998 0.000 1.99 - 0.0282 DHWA 99.6 
SO%HWH 
-0.983 0.000 2.36 - 0.0347 DHWA 96.6 
LHW CB 
-0.967 0.000 2.55 - 0.0389 DHWA 93.1 
DHWA BB 
-0.990 0.000 2.01 - 0.0285 DHWA 98.9 
MHW SO%HWH 
-0.997 0.000 2.39 - 0.0345 DHW A 95.4 
CB 
-0.960 0.000 2.59 - 0.0383 DHWA 92.1 
BB 
-0.999 0.000 3.21 - 0.0467 DHWA 99.8 
SO%HWH 
-0.999 0.000 3.60 - 0.0532 DHW A 99.7 
LH CB 
-0.998 0.000 4.02 - 0.0601 DHWA 99.7 
BB 
-0.999 0.000 3.16 - 0.0461 DHWA 99.8 
MH SO%HWH 
-0.999 0.000 3.54 - 0.0525 DHW A 99.8 
CB 
-0.999 0.000 3.98 - 0.0596 DHW A 99.7 
Table 1 Correlation coefficients and regression equation between the magnitude of 
displacement and variation of DHW A in simulations with only the DHW A varied. 
~ The von Mises strain Pearson's P value Regression Equation R2% correlation 
BB 
-0.88 0.000 3570 - 53.4 DHW A 77.4 
SO%HWH 
-0.991 0.000 11271 - 161 DHWA 98.0 
DHW CB -0.987 0.000 22213 - 352 DHWA 97.4 
BB 0.926 0.000 422 + 18.9 DHWA 85.7 
SO%HWH 0.292 0.212 
LHW CB 0.765 0.000 -2500 + 81.9 DHWA 58.5 
DHWA BB 0.985 0.000 263 + 23.2 DHWA 96.9 
MHW SO%HWH 
-0.034 0.887 
CB 
-0.403 0.078 
BB 
-0.964 0.000 25512 - 286 DHWA 92.5 
SO%HWH 0.724 0.000 -39.2 + 6.33 DHW A 52.5 
LH CB -0.858 0.000 83.4 - 1.21 DHWA 73.6 
BB 
-0.944 0.000 18888 - 213 DHWA 89.2 
MH SO%HWH 0.707 0.000 -75.6 + 7.15 DHWA 50.0 
CB -0.027 0.909 
Table 2 Correlation coefficients and regression equation between the von Mises strain at 
each of IS positions and variation of DHW A in simulations with only the DHW A varied. 
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~ The mal!nitude of displacement Pearson's P value Regression Equation R2% correlation 
BB 
50%HWH 
-0.249 0.304 
DHW CB 
-0.615 0.051 
BB 0.532 0.057 
SO%HWH 0.145 0.554 
LHW CB -0.274 0.256 
HA BB 0.091 0.713 
MHW SO%HWH 
-0.432 0.065 
CB 
-0.469 0.053 
BB 0.064 0.796 
SO%HWH 
-0.135 0.582 
LH CB 0.029 0.906 
BB 0.087 0.723 
MH SO%HWH 0.014 0.955 
CB 0.141 0.565 
Table 3 Correlation coefficients and regression equation between the magnitude of 
displacement and variation of HA in simulations with only the HA varied. 
~ The von Mises strain Pearson's P value Regression Equation RI% correlation 
BB 
-0.023 0.927 
SO%HWH 
-0.244 0.300 
DHW CB -0.626 0.004 4435 - 2.08 HA 41.1 
BB 
-0.658 0.002 1611 - 6.45 HA 47.8 
SO%HWH 0.079 0.747 
LHW CB 0.005 0.983 
HA BB 
-0.464 0.046 
MHW SO%HWH 
-0.414 0.078 
CB 0.363 0.127 
BB 0.57 0.001 8891 + 64.7 HA 30.5 
SO%HWH 0.743 0.000 - 730 + 2.66 HA 50.1 
LH CB 0.819 0.000 -311+9.21 HA 66.1 
BB 0.872 0.000 4603 + 108 HA 79.2 
MH 50%HWH 0.581 0.002 73+4.19HA 3.9 
CB 0.88 0.000 -99.7+3.12 HA 74.6 
Table 4 Correlation coefficients and regression equation between the von Mises strain at 
each of 15 positions and variation of HA in simulations with only the HA varied. 
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~ The magnitude of disnlacement Pearson's P value Regression Equation R2olo correlation 
BB 
SO%HWH 0.927 0.000 - 0.0407 + 0.00610 DHWL 86.0 
DHW CB 0.819 0.004 0.781 + 0.000888 DHWL 67.1 
BB 0.917 0.000 - 0.0739 + 0.00697 DHWL 84.1 
50%HWH 0.901 0.000 - 0.195 + 0.00873 DHWL 81.2 
LHW CB 0.982 0.000 - 0.325 + 0.00929 DHWL 96.4 
DHWL BB 0.895 0.000 0.0596 + 0.00534 DHWL 80.1 
MHW SO%HWH 0.959 0.000 0.0004 + 0.00669 DHWL 92.0 
CB 0.992 0.000 - 0.299 + 0.00988 DHWL 98.5 
BB 0.999 0.000 - 0.357 + 0.0132 DHWL 99.8 
SO%HWH 0.999 0.000 - 0.460 + 0.0149 DHWL 99.8 
LH CB 0.999 0.000 - 0.593 + 0.0171 DHWL 99.8 
BB 0.996 0.000 -0.194+0.0108DHWL 99.3 
MH SO%HWH 0.996 0.000 - 0.287 + 0.0124 DHWL 99.3 
CB 0.997 0.000 - 0.397 + 0.0144 DHWL 99.3 
Table 5 Correlation coefficients and regression equation between the magnitude of 
displacement and variation of DHWL in simulations with only the DHWL varied. 
~ The von Mises strain Pearson's P value Regression Equation R2% correlation 
BB 0.477 0.163 
50%HWH 
-0.396 0.258 
DHW CB 
-0.993 0.000 12198 - 84.6 DHWL 98.6 
BB 
-0.99 0.000 5188 - 39.9 DHWL 98.1 
SO%HWH 
-0.068 0.852 
LHW CB 
-0.469 0.172 
DHWL BB 
-0.993. 0.000 5001 - 37.5 DHWL 98.6 
MHW SO%HWH 
-0.079 0.828 
CB 
-0.947 0.000 2418 - 18.9 DHWL 89.7 
BB 0.729 0.001 - 2668 + 141 DHWL 53.2 
50%HWH 
-0.862 0.001 495 - 1.70 DHWL 74.3 
LH CB 0.993 0.000 - 26.7 + 0.476 DHWL 98.7 
BB 0.007 0.984 
MH SO%HWH 
-0.424 0.222 
CB 0.97 0.000 - 4.16 + 0.194 DHWL 94.0 
Table 6 Correlation coefficients and regression equation between the von Mises strain at 
each of 15 positions and variation of DHWL in simulations with only the DHWL varied. 
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~ The magnitude of displacement Pearson's P,vallle Regression Equation R2% correlation 
BB 
SO%HWH 1.000 0.000 -0.0671 +0.00807MHWA 99.9 
DHW CB 0.998 0.000 - 0.860 + 0.0228 MHW A 99.6 
BB 0.996 0.000 - 0.216 + 0.0108 MHWA 99.2 
SO%HWH 0.887 0.000 -0.542 + 0.0157 MHWA 78.6 
LHW CB 0.969 0.000 - 1.63 + 0.0295 MHWA 93.8 
MHWA BB 
-0.342 0.304 
MHW SO%HWH 0.812 0.002 - 0.107 + 0.0100 MHWA 65.9 
CB 0.983 0.000 - 1.45 + 0.0275 MHWA 96.7 
BB 0.997 0.000 0.280 + 0.0156 MHWA 99.3 
SO%HWH 0.997 0.000 - 0.318 + 0.0169 MHWA 99.3 
LH CB 0.997 0.000 0.338 + 0.0182 MHW A 99.3 
BB 
-0.996 0.000 1.43 - 0.00768 MHWA 94.0 
MH SO%HWH 
-0.959 0.000 1.49 - 0.00760 MHW A 91.9 
CB 
-0.945 0.000 1.57 - 0.00758 MHW A 89.3 
Table 7 Correlation coefficients and regression equation between the magnitude of 
displacement and variation of MHW A in simulations with only the MHW A varied. 
~ The von Mises strain Pearson's P value Regression Equation R'% correlation 
BB 0.982 0.000 -1015+23.4 MHWA 96.4 
SO%HWH 0.996 0.000 420 + 35.3 MHW A 99.3 
DHW CB 0.998 0.000 - 11660 +207 MHWA 99.6 
BB 0.225 0.507 
SO%HWH 0.825 0.002 826 + 16.7 MHWA 68.0 
LHW CB -0.130 0.704 
MHWA BB 0.913 0.000 - 1123 + 33.8 MHWA 83.3 
MHW SO%HWH 0.886 0.001 - 420 + 33.6 MHWA 75.1 
CB 
-0.694 0.018 
BB 
-0.225 0.506 
50%HWH 0.376 0.254 
LH CB -0.984 0.000 37.2 - 0.238 MHWA 96.8 
BB 
-0.995 0.000 40751 - 426 MHWA 98.9 
MH SO%HWfl 
-0.325 0.329 
CB 0.299 0.372 
Table 8 Correlation coefficients and regression equation between the von Mises strain at 
each of 15 positions and variation ofMHWA in simulations with only the M WA varied. 
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~ The maenitnde of disDlacement Pearson's P value Regression Equation Rl% correlation 
BB 
SO%HWH 0.712 0.014 
DHW CB 0.984 0.000 - 0.397 + 0.0175 LHWA 96.8 
BB 
-0.515 0.105 
SO%HWH 0.110 0.747 
LHW CB 0.661 0.027 
LHWA BB 0.974 0.000 - 0.492 + 0.0147 LHWA 94.8 
MHW SO%HWH 0.830 0.002 - 0.231 + 0.0128 LHWA 68.9 
CB 0.702 0.016 
BB 
-0.951 0.000 2.28 - 0.0187 LHW A 90.4 
SO%HWH 
-0.947 0.000 2.46 - 0.0204 LHW A 89.7 
LH CB -0.942 0.000 2.71 - 0.0226 LHWA 88.7 
BB 0.989 0.000 -0.0358+0.0121 LHWA 97.8 
MH SO%HWH 0.988 0.000 - 0.0443 + 0.0130 LHW A 97.7 
CB 0.988 0.000 - 0.0337 + 0.0141 LHWA 97.6 
Table 9 Correlation coefficients and regression equation between the magnitude of 
displacement and variation of LHW A in simulations with only the LHW A varied. 
~ The von Mises strain Pearson's P value Regression Equation R10/0 correlation 
BB 0.963 0.000 - 573 + 18.1 LHWA 92.8 
SO%HWH 0.990 0.000 - 736 + 52.5 LHWA 97.9 
DHW CB 0.997 0.000 - 16949 + 288 LHWA 99.4 
BB 0.916 0.000 -1741 +42.0 LHWA 84.0 
SO%HWH 0.958 0.000 - 1884 + 54.0 LHWA 91.8 
LHW CB -0.897 0.000 13844 - 177 LHWA 80.4 
LHWA BB 
-0.276 0.411 
MHW SO%HWH 0.752 0.018 
CB 
-0.133 0.696 
BB 
-0.910 0.000 48272 - 514 LHWA 82.7 
SO%HWH 0.056 0.870 
LH CB -0.920 0.000 87.9 - 0.940 LHWA 84.7 
BB 
-0.944 0.000 10058 - 25.1 LHWA 89.1 
MH SO%HWH 0.999 0.000 246+ 1.01 LHWA 99.9 
CB 
-0.765 0.016 . 
Table 10 Correlation coefficients and regression equation between the von Mises strain at 
each of IS positions and variation of LHW A in simulations with only the LHWA varied. 
187 
AppendixD 
Appendix D Key parameter values of the hoof samples in 
Chapter 8 
OHWA HA OHWL LHWA MHWA Hoof OHWA HA OHWL LHWA 
Hoofcode n n (mm) (") n code Cl Cl (mm) n 
IFL 54.0 45.5 92.9 80.0 84.2 9FR 50.1 30.1 98.3 83.5 
IFR 52.5 46.2 95.5 80.2 84.3 9HL 53.5 47.9 99.5 80.5 
niL 52.0 41.5 94.5 77.0 83.3 9HR 53.5 30.3. 98.4 77.2 
IHR 52.8 44.6 90.1 85.5 86.0 IIFL 35.5 35.5 87.9 67.5 
2FL 57.9 41.1 74.9 51.2 84.1 IIFR 28.0 35.5 89.1 75.0 
2FR 53.0 38.5 77.8 61.8 82.1 IIHL 51.8 42.5 72.2 72.9 
2HL 63.0 46.3 73.2 76.8 75.0 IIHR 48.5 38.5 79.7 79.0 
2HR 65.1 46.0 76.2 71.5 74.7 12FL 49.6 44.5 85.0 71.5 
3FL 46.1 35.1 109.9 78.4 86.5 12FR 48.0 44.5 90.9 76.0 
3FR 48.5 32.5 106.8 77.5 86.6 12HL 50.0 41.5 93.4 77.9 
3HL 57.0 45.0 95.8 81.0 88.4 12HR 47.6 43.5 93.4 77.7 
3HR 45.5 32.8 106.9 83.4 86.5 13FL 49.0 36.6 84.5 73.0 
4FL 54.8 41.0 103.8 74.0 76.2 13FR 46.9 35.2 91.1 73.9 
4FR 47.0 30.0 105.1 74.1 76.0 13HL 51.5 37.0 79.9 77.6 
4HL 53.1 40.0 100.1 77.3 78.6 13HR 47.6 38.5 100.0 81.3 
4HR 53.4 39.0 107.0 78.0 83.0 14FL 45.8 40.9 86.3 73.5 
5FL 39.9 38.0 108.7 70.1 72.1 14FR 49.7 38.2 85.1 64.1 
5FR 37.1 38.8 109.0 61.0 82.9 15FL 49.5 40.1 70.1 81.7 
5HL 45.5 36.0 102.8 75.1 78.9 15FR 46.2 37.5 91.8 76.9 
5HR 50.0 36.1 94.6 73.2 73.5 16FR 43.5 36.3 113.2 76.4 
6FL 55.7 41.5 93.0 72.0 80.3 17FL 45.6 40.0 79.9 75.8 
6FR 56.0 42.3 93.1 74.5 77.0 18FR 47.5 36.3 73.3 73.8 
6HL 51.5 42.8 108.0 80.4 84.1 19FL 42.5 39.8 99.6 74.6 
6HR 49.0 33.1 115.1 71.5 82.0 19FR 57.2 37.5 78.1 75.6 
7FL 47.2 33.0 106.1 70.0 79.9 20FL 42.5 39.7 92.3 73.1 
7FR 48.5 31.7 107.1 71.3 73.9 20FR 48.6 38.8 75.1 69.8 
7HL 53.3 38.3 95.9 74.5· 85.6 22FL 45.2 37.5 91.2 75.2 
7HR 47.8 40.5 100.1 74.5 84.5 24FL 53.8 40.2 92.5 69.6 
8FL 48.1 40.5 97.8 68.5 89.8 24FR 44.2 36.3 81.1 72.9 
8FR 52.6 45.5 96.0 72.5 87.5 28FL 51.0 33.9 78.2 67.9 
8HL 48.2 40.5 97.9 68.5 90.0 28FR 49.7 33.8 81.8 68.2 
8HR 50.2 45.6 93.3 79.1 86.5 34FL 60.8 50.1 80.1 74.9 
9FL 52.0 45.5 98.0 81.5 87.0 
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n 
83.7 
84.4 
90.5 
81.5 
80.0 
77.1 
79.0 
79.5 
79.5 
81.0 
79.5 
74.5 
77.9 
82.7 
80.6 
83.1 
81.3 
84.0 
78.5 
76.1 
79.8 
86.3 
77.6 
80.1 
80.2 
70.1 
83.8 
73.7 
73.5 
72.0 
69.9 
82.0 
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Appendix E Notes ofMohr's circle and yield criterion 
Mohr's circle 
Mohr's circle is a simple graphical method of showing stresses and strains within objects 
subject to loading. Mohr's circle can be used for convenient representation of20 or 30 stress 
distributions. 
A typical Mohr's circle diagram is shown below: 
y 
, 
p 
----·x ____ ~_+---;----~~--~--~~cr 
(a) (b) 
Fig.1 Mohr's circle applied to 20 stress. 
The points where the circle crosses the horizontal axis represent the magnitude of the 
principal stresses (cr" cr, as shown in Fig.I). 
The state of stresses (the nonnal stress cr, , cry and shear stress T 'y ) on a particular plane at 
the point P (shown in Fig.1 (a) ) can be represented on the Mohr's circle as shown in Fig.1 (b). 
Mohr's circle may also be applied to three-dimensional stress. In this case, the diagram has 
three circles, two within a third, as shown in Fig.2. 
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-1---+-,.,.,.,-+--=--\--.0 
Fig.2 Mohr's circle applied to 3D stress. 
Yield criterion 
A yield criterion is a hypothesis concerning the limit of elasticity under any combination of 
stresses (Boresi et aI., 1993). 
The following represent the most common yield criterion as applied to an isotropic material. 
Maximum Principal Stress Theory. This theory proposes that yield occurs when the largest 
principal stress exceeds the uniaxial tensile yield strength (Kazimi, 1982). 
(I) 
Maximum Principal Strain Theory. This theory proposes that yield occurs when the 
maximum principal strain reaches the strain corresponding to the yield point during a simple 
tensile test. In terms of the principal stresses this is determined by the equation (Kazimi, 
1982): 
(2) 
Where v is the Poisson's ratio. 
Maximum Shear Stress Theory. Also known as the Tresca yield criterion, this theory 
assumes that yield occurs when the shear stress T exceeds the shear yield strength T y (Boresi 
et aI., 1993): 
(3) 
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Distortion Energy Theory. This theory proposes that the total strain energy can be separated 
into two components: the volumetric (hydrostatic) strain energy and the shape (distortion or 
shear) strain energy. It is proposed that yield occurs when the distortion component exceeds 
that at the yield point for a simple tensile test. This is generally referred to as the Yon Mises 
yield criterion and is expressed as: 
(4) 
Reference 
Boresi, A. P., Schmidt, R. J., and Sidebottom, O. M. (1993). Advanced Mechanics of 
Materials, 5th edition John Wiley & Sons. ISBN 0-471-55157-0. 
Kazimi, S.M.A. (1982). Solid Mechanics. Tata McGraw-Hill. ISBN 0074517155. 
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Appendix F Statistical techniques 
P-value 
The p-value is a parameter to determine the appropriateness of rejecting the null hypothesis 
(Ho) in a hypothesis test. P-values range from 0 to I. The smaller the p-value, the smaller the 
probability that rejecting the null hypothesis is a mistake. Before conducting any hypothesis 
test, a statistical significance level (a-level) is specified. If the p-value of a test statistic is less 
than the a-level, the null hypothesis should be rejected, and instead, the alternative hypothesis 
(H,) should be accepted. 
Anderson Darling test of Normality 
The Anderson Darling test of Normality measures how well the data follow a normal 
distribution. The hypotheses for the Anderson Darling test of Normality are: 
Ho: The data follow a normal distribution. 
H,: The data does not follow a normal distribution, 
If the p-value (when available) for the Anderson Darling test of Normality test is lower than 
the chosen significance level (a-level), it can be concluded that the data does not follow the 
normal distribution. 
Pearson's Correlation Coefficient 
The Pearson's correlation coefficient is a parametric measure of association between two 
continuous, random variables. The correlation coefficient assumes a value between -I and 
+ I. If one variable tends to increase as the other decreases, the correlation coefficient is 
negative. Conversely, if the two variables tend to increase together the correlation coefficient 
is positive. The Pearson's correlation coefficient can be used to measure the degree of linear 
relationship between two sets of variables. The calculation of this value for known data sets 
x, and x, with means of x, and x, respectively is given in Equation (I): 
(I) 
Significance of the Pearson's correlation coefficient is determined using Pearson's table of 
critical values. If the calculated value of r (absolute value) is equal to or greater than the 
critical value then the correlation is significant at the specified a- level, the null hypothesis 
should be rejected and the alternative hypothesis should be accepted instead. For a two-tailed 
test of the correlation: 
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Goodness oflit (R2) 
Goodness of fit (R') refers to the statistical resemblance of a model to measured data. It is the 
ability of a model to predict dependent variables from the independent variable in a set of 
data. The magnitude rages from 0 to I, with higher values indicating a better fit. 
Two-sample t-test 
The two-sample t-test is a hypothesis test for two population means to determine whether they 
are significantly different. This procedure uses the null hypothesis that the ditlerence 
between two population means is equal to a hypothesized value (Ho: p, - p, = Po), and tests 
it against an alternative hypothesis, which can be left-tailed (H,: P, - p, < Po), right-tailed 
(H,: P, - p, > Po), or two-tailed (H,: P, - p, '" Po ). 
If the test's p-value is less than the specified a-level, the null hypothesis should be rejected 
and the alternative hypothesis should be accepted instead. 
To conduct a two-sample t-test, the two populations must be independent; in other words, the 
observations from the first sample must not have any bearing on the observations from the 
second sample. The two-sample t-test does require the data to come from normally 
distributed populations. 
Two-sample Wilcoxon rank sum test 
The two-sample Wilcoxon rank sum test is a non parametric hypothesis test to determine 
whether two populations have the same population median (17). It tests the null hypothesis 
that the two population medians are equal (Ho: 17, = 17,). The alternative hypothesis can be 
left-tailed (H,: 17, < 17,), right-tailed (H,: 17, > 17,), or two-tailed (H,: 17, '" 17,). The two-
sample Wilcoxon rank sum test does not require the data to come from normally distributed 
populations, but it does make the following assumptions: 
• . The populations of interest have the same shape. 
• . The populations are independent. 
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Appendix G Addresses of manufacturers 
Roland DGA Corporation. 25691 Atlantic Ocean Drive, B-7, Lake Forest, CA 92630. 
3D Scanners (UK). The TechnoCentre, Puma Way, Coventry CVI 2TT. 
POLHEMUS company. 40 Hercules Drive, p.a. Box 560, Colchester, VT 05446, Phone: 
802-655-3159. 
Geomagic, Inc. Geomagic U.S. Corporate Headquarters, 3200 East Hwy 54 , Cape Fear 
Building, Suite 300, Research Triangle Park, NC, 27709 USA. 
Materialise UK. Innovation Technology Centre, Advanced Manufacturing Park, BruneI Way, 
Catcliffe, Sheffield, 60 5WG. 
Unigraphics Solutions Inc. 13736 Riverport Drive Maryland Heights, MO 63043 USA. 
Minitab Ltd. Brandon Court, Unit El, Progress Way, Coventry CV3 2TE, UK. 
FARO Technologies, Inc. Lake Mary, Florida 32746, USA. 
MSC Software Corporation. 2 MacArthur Place,Santa Ana, CA 92707 USA. 
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